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The FOIL: A New Outdoor Laboratory 
for Evaluating Roadside Safety Hardware 


by 
Martin W. Hargrave 





Introduction 


Highway safety research to enhance 
the technology of road building as 
well as improve the safety of highway 
users has long been a priority of the 
Federal Highway Administration 
(FHWA). Over the years, the FHWA 
research program has contributed to 
more efficient, less expensive, and 
safer roadways. 
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Much of the federally funded 
highway research is directed from 
FHWA‘’s Turner-Fairbank Highway 
Research Center (TFHRC), in 
McLean, Virginia. TFHRC, located on 
44 acres (17.8 ha) of Federal land 
near Washington, D.C., consists of 
offices, laboratories, and outdoor 
research facilities. A recent addition 
to this center is an outdoor test 
facility named the FOIL—the Federal 
Outdoor Impact Laboratory.' Here, 
roadside safety hardware such as sign 
supports, light poles, crash cushions, 
and roadside barriers can be tested 
and evaluated. 





‘J. A. Hinch, E. D. Howerter, and R. E. 
Scofield, ‘‘Detailed Design Plan for the 
Updated FHWA FHRS Impact Test Facility — 
Revision 1,’° Federal Highway Administration, 
HSR-20, Washington, D.C., May 21, 1982. 
Unpublished interim report. 


Traditionally, full-scale crash testing 
has been the standard for the 
development and evaluation of 
roadside safety appurtenances 
because of its reliable, close duplica- 
tion of real world collision events. 
However, to reduce test costs and 
improve the repeatability of test 
results, alternate test methods have 
been developed over the years. The 
latest in this evolution is the FOIL, 
which can operate in frontal and side 
impact modes. The display artwork 
for this article shows an artist's 
conception of the FOIL in operation 
during a frontal test. 
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Features of the FOIL 


A unique feature of this test 
laboratory is the reusable bogie test 
vehicle (fig. 1).2 3 * Currently, this 
vehicle is designed for frontal testing 
of breakaway poles, luminaires, and 
large sign Supports and is configured 
to represent a 1979 Volkswagen 
Rabbit. 


Another significant feature of this test 
laboratory is the use of a large falling 
weight as the propulsion system. This 
falling weight, connected by a cable 
to the test vehicle, pulls the vehicle 
forward accelerating it to test speed. 
Because gravity is free and ever 
present, this propulsion method 
provides a reliable and low-cost drive 
system for the test laboratory. 


Side impact testing is another of the 
test laboratory's singular features. 
This capability is important because 
approximately 25 percent of all single- 
vehicle fatalities result from side 
impacts into fixed roadside objects. A 
conceptual drawing of the side 
impact test device is shown in figure 
2. Scheduled to be fully operational 
in 1986, this test capability uses 
actual automobiles as test vehicles 
(fig. 3). Unlike frontal testing, side 
impact test specifications, evaluation 
criteria, and vehicle definition are 
largely undefined. (7, 2) ° Conse- 
quently, a reusable side impact bogie 
is not currently being developed but 
is feasible and may later be devel- 
oped. 





“Jeffrey A. Bloom, ‘‘Selection of a Vehicle for 
Frontal and Broadside Impact Testing Into a 
Luminaire Support— Revised Report,’’ Federal 
Highway Administration, HSR-20, Wash- 
ington, D.C., June 1981. Unpublished interim 
report. 


7Es Ds. Howenrter, J) Aw Hinch. and Ree. 
Owings, ‘Sensitivity Analysis of Subcompact 
Vehicle Performance Due to an Impact With a 
Breakaway Luminaire Support— Revision 1, 
Vols. | and Il,"’ Federal Highway Administra- 
tion, HSR-20, Washington, D.C., Apr. 15, 
1983. Unpublished interim report. 


4J. A. Hinch, P. L. Boyd, and R P. Owings, 
“Final Detailed Design Plan for the FHWA 
TFHRC FOIL Adjustable Bogie, Task C-3,”’ 
Federal Highway Administration, HSR-20, 
Washington, D.C., Dec. 1, 1983. Unpublished 
Interim report. 


Italic numbers in parentheses identify refer 
ences on page 6. 


Pi 





Figure 1.— Frontal impact bogie test vehicle. 
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Figure 2.— Conceptual drawing of side impact test device. 





Description of the FOIL 


The FOIL is located on an irregularly 
shaped plot of land approximately 400 
ft (122 m) long by 200 ft (61 m) at its 
widest point (see display artwork). 
This plot contains an approximately 
200 ft (61 m) paved acceleration 
runway followed by a 200 ft (61 m) 


by 200 ft (61 m) grassy runout area. 
The entire site is slightly sloped (2 
percent grade) with the highest point 
located at the head of the runway. 
The impact area is level for 25 ft (7.6 
m) immediately before and 25 ft (7.6 
m) following impact with gradual 
transitions between the sloped 
runway and the sloped runout area. 
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Figure 3.—A 1979 Volkswagen Rabbit side 
impacting with a breakaway pole at 30 mph 


(48 km/h). 
a ra ait Be PEE SH Ee a ae 
Acceleration and guidance system 


The large weight that powers the 
FOIL’s test vehicle is connected to 
the front of the vehicle by a cable 
that is released just before impact. 
Thus, at impact, the test vehicle is 
free of all external restraints and is 
traveling at constant speed. The 
speed of the vehicle, which varies 
from 0 to 60 mph (97 km/h) (0 to 45 
mph |72 km/h] for side impacts), is 
determined by the distance of initial 
pullback. This pullback is accom- 
plished by a winch and second cable 
attached to the rear of the test 
vehicle. When the second cable is 
automatically released, the test 
sequence is initiated. A single fixed 
rail and two attachment assemblies 
fastened to the vehicle’s front and 
rear wheel spindles guide the vehicle. 
The dual rail system shown in figure 
2 guides the vehicle for side impacts. 


Because the entire system operates 
under constant acceleration caused 
by gravity pulling on the large drop 
weight, the velocity of the test 
vehicle at impact can be calculated. 
The following equation defines the 
relationship between velocity and 
pullback distance.® 


1+ 6S 
V =(2gER- 
1+ R2W 





ig 





®“Monthly Progress Report No. 32 for the 
Period Oct. 1-28, 1983,"’ Ensco, Inc., contract 
No. DTFH61-81-C-00036, Federal Highway 
Administration, HSR-20, Washington, D.C., 
Nov. 15, 1983, pp. 3-6. Unpublished. 
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Where, 

V=Impact velocity of test vehicle. 

L = Pullback distance. 

E= System efficiency (75 to 80 
percent for frontal impacts — includes 
losses associated with vehicle). 


W = Weight ratio ae 





D 


Wy, = Vehicle weight. 

W > = Drop weight (12,500 Ib [5.7 
Mg]). 

g= Acceleration of gravity (32.2 
ft/sec? [9.8 m/sec?]). 

R = Reduction ratio of drop tower 
pulley system (6:1). 

S = Runway slope (2 percent). 


Figure 4, a simple chart developed for 
operating the FOIL, shows this 
relationship.’ 





200) —————} 






W,, = Vehicle weight 
Wo = Drop weight = 12,500 Ib 


Pullback distance (ft) 


1 ft=0.305 m 
1 mph=1.6 km/h 
1 Ib=0.45 kg 


1 1 1 
0 10 20 30 40 50 60 








Impact velocity (mph) 


Figure 4. — Pullback distance versus impact 
velocity. 





”’EQ|L— Pullback Versus Speed Look Up 
Chart,’’ Dwg. No. 1469-D-2034, Ensco, Inc., 
contract No. DTFH61-81-C-00036, Federal 
Highway Administration, HSR-20, Wash- 
ington, D.C., September 1983. 


Test vehicle 


The maximum vehicle weight for the 
full-speed range is 2,250 Ib (1.02 Mg) 
(2,500 Ib [1.13 Mg] for side impact). 
The size of the falling weight and the 
corresponding strength requirements 
of the drop tower dictate this weight 
limit. Heavier vehicles can be tested 
but at lower maximum speeds. For 
example, the present system can test 
a 3,600 Ib (1.63 Mg) vehicle—today’s 
large size automobile—at speeds up 
to 50 mph (80 km/h). 


The reusable bogie vehicle (fig. 1) is 
designed to emulate the actual 
impact and post-impact performance 
(the runout) of full-scale automobiles 
under real world conditions. Any 
automobile weighing from 1,400 Ib 
(0.64 Mg) to 2,250 Ib (1.02 Mg) can 
be modeled by the bogie. 


A principal feature of the FOIL, unlike 
earlier systems with reusable test 
devices, is the capability to observe 
and monitor the runout performance 
of the bogie after impact. Thus, in 
addition to analyzing injury severity 
criteria at impact (7, 2), the tendency 
for a bogie to rollover after impact 
also can be observed and analyzed. 
This capability is important consid- 
ering the greater likelihood of 
accident-related rollovers with mini- 
size vehicles and the higher proba- 
bility of serious or fatal injury in roll- 
over accidents. 


To emulate the crash performance of 
an actual automobile, computer 
simulation runs using the Highway 
Vehicle Object Simulation Model 8 (3) 
were produced to determine such 
properties as wheelbase, weight 
distribution, and suspension param- 
eters required for a full-scale model. 
This computer simulation was vali- 
dated comparing the results with an 





8E. D. Howerter, J. A. Hinch, and R. P. 
Owings, ‘‘Sensitivity Analysis of Subcompact 
Vehicle Performance Due to an Impact With a 
Breakaway Luminaire Support— Revision 1, 
Vols. | and II,"" Federal Highway Administra 
tion, HSR-20, Washington, D.C., Apr. 15, 
1983. Unpublished interim report. 


earlier full-scale crash test.? Table 1 
lists the properties of the bogie 
selected. The properties are 
compared with those of an actual 
automobile and with those of two 
earlier test devices, the pendulum and 
a low speed bogie. (4, 5) 


Table 1 shows that the bogie vehicle 
contains all of the significant 
properties of an actual automobile 
except for a suspension system and 
steerable front wheels. Computer 
simulation indicates that this vehicle 
duplicates actual impact and post- 
impact performance up to 22 ft (6.7 
m) following impact and realistically 
simulates runout trajectory within the 
remainder of the distance available 
(22°40 150 TtOs/ tOsdoey, Tl) eek als 
result is expected because suspension 
system responses delay impulsive 
force inputs, and steering systems 
tend to self-correct with respect to 
trajectory. Therefore, the lack of 
steerable front wheels makes the 


bogie a worst-case test vehicle 
regarding rollover. The lack of both 
steering and suspension also makes 
the test device rugged and lowers its 
initial and operating costs. 


Arrestor systems 


To stop the bogie after impact and 
runout, three arresting techniques are 
available — onboard four-wheel 
braking, an auxillary energy-absorbing 
arrestor system, and as a fail-safe, 
the large earthen berm shown in the 
display artwork. The onboard braking 
system is basically a pneumatic-over- 
hydraulic system; under remote 
control, air, which is released from an 
onboard reservoir, acts through a 
piston at the interface to activate the 
hydraulic brakes. This braking tech- 
nique is adequate for test speeds 
below 40 mph (64 km/h) and without 
assistance can safely stop the test 
vehicle after runout. (Braking begins 
when the vehicle is approximately 50 
ft [15.2 m] from the berm.) 


Table 1.—Vehicular properties modeled by various test devices 








General Specific Low-speed FOIL 
category property Pendulum bogie bogie |= Automobile 

Crush force Centered impacts xX xX x x 

deflection Off-center impacts x x 

Weight Total weight Xx X xX x 

properties c.g. location x x 
Moments of inertia x x 
Products of inertia x 

Geometry Wheelbase x Xx 
Track width xX X 
Lower snag simulation Xx x x xX 
Roof line penetration x xX xX 

simulation 
Suspension Tire stiffness xX x xX 
system Suspension stiffness x 
damping 

Steering Steerable front wheels x 

system 

Speed 0 to 20 mph xX Xx x x 
0 to 60 mph x x 


capability 





l mph=1.6km/h 





7E. D. Howerter, J. A. Hinch, and R. P. 
Owings, ‘High Speed Off-Center Frontal 
Impact of a Minicompact Sedan and a Vali 
dated Surrogate Breakaway Luminaire 
Support— Test Results Report,’’ Test No. 
1469-2A82, Ensco, Inc., contract No. 
DTFH61-81-C- 00036, Federal Highway Admin 
istration, Washington, D.C., Mar. 12, 1982. 
Unpublished report. 





At test speeds 40 mph (64 km/h) and 
above, additional energy-absorbing 
devices are required. The devices 
currently in use at the FOIL are two 
metal bender units that absorb energy 
by forcing metal tape through a series 
of staggered rollers. The metal 
bender units attach to each end of a 
drag fence that is stretched across 





the runout area. When the onrushing 
bogie is snagged by the fence, the 
kinetic energy of the vehicle is 
converted to strain energy as the 
vehicle pulls the metal tapes through 
and out of the metal bender units. 





Finally, as a backup a large earthen 
berm surrounds the entire runout 
area. The berm, approximately 6 ft 
(1.8 m) high with a sand face sloping 
upward at about 45°, effectively 
contains out-of-control vehicles. 


Data collection systems 


The test vehicle can be instrumented 
with three accelerometers to measure 
the longitudinal, lateral, and vertical 
acceleration and three rate gyros to 
measure the roll, pitch, and yaw 
angular velocities. All six of these 
devices are located at the center of 
gravity of the vehicle and can be 
used to determine the following occu- 
pant injury measures: (7, 2) 


e The velocity change of an 
occupant striking the interior of the 
vehicle at impact. 


e The momentum change of the 
vehicle such as occurs during a 
sudden impulsive impact with break- 
away poles or large sign Supports. 


e The peak accelerations in the three 
coordinate directions averaged over 
Oe s Uian se 


Two contact switches a fixed 
distance apart in the runway measure 
the speed of the test vehicle imme- 
diately before impact. The vehicle 
speed is calculated by measuring the 
time between successive pulses with 
a separate timing signal. 


Currently, the FOIL data collection 
system is limited to ten channels of 
data (nine data signals plus a timing 
signal), seven of which can be stored 
on analog magnetic tape for 
subsequent automatic processing. A 
high-frequency response strip chart 
recorder captures data channels in 
excess of seven, but these additional 
channels must be manually 
processed. 


In addition to electronic data, film 
data also are recorded by real time 
and high-speed 16 mm cameras. 

Typically, two high-speed cameras 
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record the impact (side views) and an 
additional one records the runout 
trajectory of the vehicle. Another real 
time, hand-held camera often is used 
to record the entire test sequence. 


Other equipment 


Two additional major pieces of 
equipment available at the FOIL 
include a rigid instrumented pole (fig. 
5) and an inertia measuring device 
(IMD) (fig. 6). The crush force of a 
vehicle’s front or side structure is 
measured by crash testing actual 
vehicles into the rigid pole. The 
resulting force data coupled with the 
corresponding crush distance are 
required for modeling the bogie 
vehicle or for computer simulation. 
In the frontal mode, a single pole 
segment and two force measuring 
cells measure the overall crush force 
of the vehicle’s front end. In the side 
impact mode, however, three pole 
segments (each with two load cells 
attached) are used because of the 
differing stiffness of the door, the 
roof line, and the lower sill. By using 
two load cells per segment, the rigid 
instrumented pole can measure the 
magnitude as well as the location of 
the crush force— necessary parame- 
ters for modeling. 


The IMD determines the rotary 
moments of inertia or weight distri- 
bution of an actual small vehicle, its 
center of gravity (c.g.), and confirms 
that these parameters have been 
replicated in the bogie vehicle. The 
IMD is basically a simple pendulum or 
seesaw device on which a vehicle can 
be placed. The inertia about each axis 
can be calculated by accurately meas- 
uring the period of each oscillation. 
To measure the vertical c.g., the IMD 
is tilted through a known angle until 
it rests on a load cell. The vehicle's 
vertical c.g. distance can be calcu- 
lated by accurately measuring the 
force at the load cell. 


Currently, the reusable bogie is 
designed for frontal impact testing 
into poles and pole-like objects, and 
the next logical step in its develop- 
ment is to provide a full-width frontal 
crush capability. This technically 
possible capability would allow crash 
cushions and similar roadside objects 
to be tested. 
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Figure 6.—/nertia measuring device. 





A second step is the development of 
a two-dimensional (longitudinal and 
lateral) crush bogie capable of testing 
roadside barriers. However, in addi- 
tion to the complexity of a two- 
dimensional crush cartridge, a bogie 
cupable of testing barriers would 
most likely require a complete 
suspension system and steerable 
front wheels for proper modeling. 
Although a two-dimensional crush 
vehicle is technically feasible, it may 
be too expensive and not rugged 
enough for the FOIL, making the 
practicality of such a vehicle 
uncertain. 


Other improvements include an 
expansion of the data collection and 
processing system. This system 
currently has the capability to record 
in analog form seven channels of 
data (six channels of data plus one 
timing signal) for subsequent auto- 
matic processing. An increase to a 
maximum of 44 channels is contem- 
plated. An upgrade of this system is 
planned to significantly increase this 
system's capability and allow the 
following data to be collected and 
processed: 


* Anthropomorphic dummy data 
from frontal or side impact dummies 
(8 to 16 channels frontal, 18 to 36 
channels side impact). 


* Crush force of a vehicle’s front or 
side structure measured with a rigid 
instrumented pole (2 channels frontal, 
6 channels side impact). 


* Additional vehicle and test article 
instrumentation to determine specific 
parameters of interest during a test 
series (0 to 6 channels). 


A microcomputer and a digitizer also 
will be added to process these data 
and provide numerical and graphical 
output. The digitizer converts the 
data from an analog to a digital form 
so the microcomputer can process it. 
These enhanced processing and data 
collection capabilities make the FOIL 
a self-contained system capable of 
rapid analysis and accurate results. 


In addition to the improvements just 
described, a pole and luminaire 
testing program is envisioned to 
update our knowledge of current 


breakaway poles and signs as well as 
to provide information on the poten- 
tial for occupant injury from mini- 
vehicle collisions with currently 
approved breakaway hardware. 
Testing in both the frontal and side 
impact modes is planned. Side 
impact testing, unlike frontal or head- 
on testing, has received little atten- 
tion from the highway research 
community. Not only must various 
kinds of breakaway hardware be 
tested to determine acceptability 
under dynamic side impact test 
conditions, but the test conditions, 
evaluation criteria, and test vehicle 
must also be defined for the 
upcoming test program. 


It is anticipated that States and other 
organizations will initiate test 
programs for the FOIL using the 
bogie test vehicle. Test programs that 
can be performed by other research 
organizations and which create a 
situation of competition (for example, 
full-scale crash testing and FHWA 
pendulum testing) are not eligible for 
the FOIL. For acceptable programs, 
all test activities will be performed by 
the FOIL support and maintenance 
contractor in accordance with estab- 
lished operating and safety proce- 
dures; users may participate during 
actual testing only as observers. A 
schedule of charges for testing 
services has been compiled and is 
available from the FOIL manager, 
Federal Highway Administration, 
HSR-20, Turner-Fairbank Highway 
Research Center, 6300 Georgetown 
Pike, McLean, Virginia 22101-2296. 


The FOIL is a modern test facility 
designed and constructed to solve 
many of the roadside safety problems 
of the 1980’s and beyond. As 
primarily a small car crash test 
facility, it will be used to research the 
higher probability of injury for small- 
Car occupants. As a side impact test 
facility, it will be used to develop side 
impact technology and appropriate 
roadside solutions. 


The FOIL—the Federal Outdoor 
Impact Laboratory is a new outdoor 
laboratory for evaluating roadside 
safety hardware and is one more step 
in the development of a safer 
highway environment for our Nation's 
motoring public. 
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of Binder Materials 
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Introduction 


Researchers at Montana State University developed a 
high-pressure gel permeation chromatography (HPGPC) 
technique for separating the components in asphalt 
cement according to their molecular size. (7)' A model 
asphalt with a certain large molecular size (LMS) 
composition has been proposed for each State based on 
asphalt tests from pavements in 15 States. (2) The 
researchers theorized that a direct relationship exists 
between the amount of LMS material in an asphalt and 
the thermal cracking properties of pavements incor- 
porating that asphalt. (3) However, paving mix design, 
construction practices, climatological conditions, and 
traffic type and volume have to be considered before 
unequivocal relationships between asphaltic composition 
and pavement performance can be shown. 


For this HPGPC method to be a valid tool for predicting 
pavement performance, a good correlation is required 
between HPGPC properties of asphalts and those physical 
properties related to stiffness. In a study of the relation- 
ship between the limiting stiffness temperature (LST) of 
asphalts calculated from penetrations measured at three 
different temperatures versus thermal cracking of 





'talic numbers in parentheses identify references on page 12. 
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pavements that incorporated these asphalts, it was found 
that low-temperature asphalt and asphalt-aggregate 
mixture stiffnesses, of which the LST is a reasonable 
measure, correlate well with pavement transverse 
cracking. (4) 


This article addresses this correlation by determining the 
HPGPC characteristics of a group of asphalts and relating 


these characteristics to the physical properties of asphalts. 


Background 


Studying correlations of the long-term performance of 
asphaltic pavements with various asphalt physical proper- 
ties led to the development of asphalt specifications that 
contain limits on properties such as penetration and 
viscosity. Currently, asphalt specifications assure that the 
asphalt will act in a predictable manner during handling 
and construction and will meet minimum quality levels. 


In the last 10 years, however, concern has arisen that 
although asphalt meets specifications, it lacks the quality 
once routinely obtained. Specifically, current asphalt 
products are not providing the long service life once 
achieved. As a result, many studies have been initiated to 
find better ways to characterize asphalts and to relate 
their composition, rheology, and physical properties to 
asphaltic pavement performance. Much of this research is 





~N 


centered on the thermal cracking behavior of asphaltic 
pavements. Following is an excellent, succinct description 
of the mechanism of thermal cracking: 


“Since an asphalt concrete road-slab is completely 
restricted in length any shrinkage or expansion due 
to changes in temperature have to be accommo- 
dated by the asphalt concrete. During the warm 
season, the amount of viscous flow per unit time 
can be very large and the pavement surface easily 
accommodates the expansion from warming and 
constriction from cooling. However, during the 
winter as temperatures drop, the ability of the 
asphalt to flow lessens, and if temperatures drop 
rapidly, the shrinkage rate can exceed the accommo- 
dation by viscous flow. Tensile stresses develop in 
asphalt concrete and cracking occurs when the 
tensile stresses or strains exceed the limit of the 
asphalt concrete; the cracking will be transverse in 
nature.’ (5) 


Based on this description, thermal cracking is caused by 
rapid changes in temperature and not by low temper- 
atures. (‘‘Rapid”’ is not defined.) Consequently, it is easier 
to design an asphaltic pavement that performs without 
cracking in a constant temperature range of — 40 to 

— 60°F (— 40 to — 51°C) than in a temperature that 
fluctuates overnight from 45 to O°F (7.2 to — 18°C). 


Much of the predictive treatment of thermal cracking is 
concerned with the concept of stiffness. The stiffness of 
a material (S) is a modulus relating its tensile stress (a) to 
its tensile strain (ce). Because of the viscoelastic behavior 
of asphalt materials, the stiffness modulus of asphalts is 
time and temperature dependent, that is, 


S (til) wea tte) 


For a particular asphalt, the temperature range over which 
it exhibits elasticity is critical in assessina its behavior at 
low service temperatures. 


Obviously, the stiffness of the asphalt component strongly 
determines the stiffness of an asphalt-aggregate mixture. 
However, research indicates that other factors such as the 
air void content and the aggregate gradation have a 
significant but lesser influence. (5, 6) 


The stiffness of an asphalt or asphalt-aggregate mixture 
has been measured in various ways. One method esti- 
mates the stiffness with nomographs. The nomographs 
are entered by use of the penetration index (Pl), a 
measure of the change in penetration with temperature. 
(6) Another method advocates using the pen viscosity 
number (PVN) instead of the Pl. (7) The indirect tensile 
test was used to determine the stiffness modulus for a 
series of six AC-20 asphalts used in Pennsylvania. Results 
indicate a variation in stiffness is possible in a single grade 
of asphalt. (8) Predicting low-temperature behavior by 
measuring fundamental asphalt properties such as 
viscosity in the desired temperature range also has been 
evaluated. (9-77) 


Researchers at Texas AG@M University have used fracture 
mechanics to measure the fracture toughness by 
evaluating the surface integral J|. used to characterize the 
local stress-strain field for a two-dimensional crack. (72 
13) This method applies to elastic-plastic fracture 
phenomena and is particularly suited to evaluating low- 
temperature performance below the glass transition 
temperature of the material. In addition, the low- 
temperature behavior of sulfur-based binders has been 
studied with this method, which can discriminate among 
several binders with similar chemical makeup. This 
method goes beyond simple predictive procedures based 
on stiffness and other factors in that it provides.a 
measure of the energy needed to drive crack formation. 
Within test limits, this method can determine the relation- 
ship between crack growth energy and temperature. 


Experimental Approach 


A study was initiated to measure the HPGPC properties of 
asphalt under the same conditions as used in the 
Montana State University study and to compare the LMS 
results with the selected properties of the asphalts. 


HPGPC involves the separation of asphaltic materials into 
their components according to molecular size (fig. 1). The 
asphalt sample is introduced into a liquid flowing at high 
pressure through a column packed with a highly porous, 
solid material. The liquid transports the asphalt through 
and around the porous packing material in the column 
and as a result: 


“Smaller size molecules in the asphalt can enter 
freely into all the pores of the column packing while 
very large molecules can enter none of those pores. 
Molecules of intermediate size have access to 
varying amounts of available pore volume. There- 
fore, the larger molecules move through the column 
more rapidly than the smaller ones.’ (74) 
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Figure 1.— Size separation of asphalts. 
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The LMS portion of the asphalt leaves the column, A detector wavelength of 254 mu was used in the early 


followed by the medium-size and then the small-size asphalt HPGPC studies at Montana State University. 
components. A detector measures the amount of each Recently, however, the detector wavelength was 
component, and the percent of LMS material of the increased to 340 mu to make the LMS measurements 
asphalt is calculated. more precise. 

Basically these procedures are the same as those used in In addition, Montana State University has begun using 
the Montana State University studies. A series of ten ultra-u-styragel columns for the asphalt analyses instead 
asphalts were analyzed using HPGPC, and the LMS of of the p-styragel columns used in their earlier work. In this 
these asphalts was determined using four different data study the p-styragel columns with the same pore diameter 
slice combinations of the chromatograms. Next, five were used. No difference exists in the analytical data 
asphalts from the Montana State University study were obtained from either kind of column, but analysis is a little 
analyzed, and the LMS content was calculated and faster using the ultra-u-styragel columns. 

compared with the Montana State University values to 

make sure the values agreed. The LMS content of A Spectra Physics 3500 Research High Pressure Liquid 
another series of 28 asphalts was then determined by this | Chromatograph, a Spectra Physics 770 Spectroflow 
method, and the correlations between the LMS content variable wavelength ultraviolet detector, and a Spectra 
and seven physical properties of the asphalts were calcu- wee SP4270 Computing Integrator were used in this 
lated. study. 


Materials, Equipment, and Instrumentation Calculations 


Five new p-styragel columns, an ultraviolet detector Data slices 


operating at 340 mu, and an eluent flow rate of 2 ml/min 
(table 1) were used to separate these asphalts. The SP4270 Computing Integrator automatically prints the 


Tetrahydrofuran (THF) was used both as a solvent for the © chromatogram of each asphalt after each run, divides the 


asphalts and as an eluent for HPGPC. Refluxing this area of the chromatogram into data slices by timed incre- 
solvent with sodium metal and benzophenone until a ments (fig. 2), and computes the area percentage for 
lavender color persisted dried it further; next, it was each slice of the total curve. The time per slice was set at 
distilled under dry nitrogen gas and kept in a nitrogen 1/3 minute. The time to obtain a chromatogram for a 


atmosphere until used, usually within 24 hours. This single asphalt was 30 minutes. The data collection for 
drying procedure is one of the most important steps in each slice was started 10 minutes after injection. The 

the separation process because percentages of LMS in total number of data slices was 60. 

asphalt will decrease substantially when traces of water ——— 
are present in the THF eluent. Percentages of water in the 
distilled THF were determined by infrared spectroscopy by 
comparing the spectrum of each distilled material with 
reference spectra of THF solutions containing varying 
amounts of water. THF containing 0.02 to 0.04 percent 
HO was used in the asphalt HPGPC analyses. 
































































































































Table 1.—Conditions used for the high-pressure gel permeation 
chromatography of asphalts 
Columns: 5 u-styragel columns arranged in the order: 3 
3-500 A ° 3 
1-1000A ° : 
1-100A 
Solvent: Dry Tetrahydroturan 
Detector: Ultraviolet and visible wavelength spectrophotomet- 
ric detector at 340 my “ 
; t 1 n = — = 
Sample: Solution of 2 percent asphalt 
Reference: 0.5 percent polystyrene, measured at 254 mp 
Elution Rate: 2 ml/min Figure 2. — High-pressure gel permeation chromatographic separation of 


asphalts. 
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Slices containing LMS content 


A series of eleven asphalts used in an asphalt finger- 
printing study were subjected to the HPGPC analysis. (75) 
The LMS percentage of each asphalt was calculated by 
totaling the data from the first 18, 19, 20, and 22 data 
slices of each chromatogram and calculating the percent- 
age of the total of all 60 data slices for that chroma- 
togram (table 2). The various ‘’slice fractions’’ (18/60, 
20/60, etc.) were found to give the same result when 
judged by the t-test (1 percent significance level); the 
19/60 ratio was used in subsequent tests. 


Se ree ht al ble Ria Rt ee i ras ee BEE SRN ES TIDE OE 1 DIE I TE EE AO IE a I ISON ST TS TI 
Table 2.—LMS of asphalt samples for differing data slices 








Asphalt 
laboratory) Percentage LMS 

No. 18/60 ! 19/60 20/60 22/60 
C-7660 7.0 929 ees DS.) 
C-7831 230 3.6 Seg AS 
C-8036 4.4 6.9 10.0 18.2 
C-8265 Sai 8.5 Pel PING 
C-827 6.8 9.4 PALS) 20.2 
C-7815 8.0 il? 14.9 ABAG 
C-7891 623 9.1 ED) 20.9 
C-7559 1.6 2.9 4.9 yl 
C-8089 S.a5) 8.2 Wee 20.2 
C-7829 Lei Bh 5.0) Wile 
C-7702 4.7 Ha) 10.2 Se3 





'Number of data slices for the LMS and the total asphalt content, respec- 


tively. 





Five asphalts obtained from Montana State University of 
known LMS content were run using the HPGPC method, 
and the LMS percentages were calculated for ratios of 20 
out of 60 and 19 out of 59 data slices (table 3). T-tests 
were run between the 19/59 and the Montana State 
University values and the 20/60 and Montana State 
University values; neither set differed significantly from 
the Montana State University data when tested against 
the appropriate t-value at the 99 percent probability level. 
Thus, all subsequent LMS percentage calculations were 
made using 19 out of 59 data slices for LMS content. 





Table 3.—LMS of asphalts obtained from Montana State 
University and the Federal Highway Administration 





Montana State Percentage LMS 





University 
Sample No. Montana FHWA 
20/60 ! 19/59 
Ohio 23A 38.0 44.6 39.4 
Georgia 1A 41.8 TD B276 
Colorado 6A 24.6 19.4 15.3 
New Jersey LIA 24.0 Zt 16.5 
Montana 36C 19.0 8.6 34) 





'Number of data slices for the LMS and the total asphalt content, respec- 
tively. 
FOL ae bet ce ri a egw GRETA ah aA Sar IL TE TN I AD Ip Et 
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Experimental Data 


Twenty-eight asphalts were analyzed with the HPGPC 
technique and the LMS contents were calculated. Table 4 
shows the LMS percentage and physical data for these 
asphalts. (76) 


A linear regression calculation was made for these data 
using LMS as the dependent variable and each of the 
physical data as the independent variable. The calcu- 
lations of the correlation coefficients (R*) were conducted 
using a procedure (77) for R* with the Mallow’s CP 
option, which is a measure of the influence the 
independent variables have on the dependent variable. 
(78) This option uses the mean squared error and other 
relevant statistics to estimate the number of variables 
necessary to produce the best model for the equation: 


Vo Ce Nea ota + Bn Xn 
Where, 
Gab bse ee aCOnstanits. 
V= LIVIS COnteht 
X,, Xo, ... X, = the physical properties of asphalt 


significant to the relation with LMS. 


The best model is based on the combination of asphalt 
property variables giving the lowest CP. 


Multivariate analysis also was used to calculate the 
probability that certain variables do not significantly 
influence the prediction of LMS. (79) 





TABLE 4. CHROMATOGRAPHY DATA AND PHYSICAL PROPERTIES 
OF ASPHALT SAMPLES 

LAB 
NUMBER LMS DUCT45 DUCT77 SG SHR SUS ASPH REF IND LST 
B2908 S225 31 130 1.004 0.36 19.0 1.4827 -46 
B2909 32.15 9 221 1.007 0.39 20.5 1.4826 -45 
B2910 27.01 g) 200 1.012 0.51 21.6 1.4817 -41 
B2921 12.70 8 250 1.004 0.42 15.5 1.4837 =—39 
B2922 9.43 0 250 1.007 0.62 18.1 1.4844 -39 
B2960 23.96 LL 160 1.034 0.42 27.9 ees) =—5il 
B2962 17.75 150 155 1.010 0.21 19.3 1.4815 = sl 
B2963 17.24 150 250 1.015 0.31 20.2 1.4819 -48 
B2964 15.98 10 241 1.021 0.44 21.6 1.4822 -44 
B2975 8.79 0 215 1.005 0.66 16.5 1.4851 -20 
B3009 15.57 12 230 0.994 0.41 17.8 1.4833 -50 
B3010 23.07 7 205 0.995 0.49 20.1 1.4813 -54 
B3013 26.88 150 245 1.021 0.32 20.8 1.4810 Sai) 
B3014 14.58 14 250 1.025 0.39 21.6 1.4814 -42 
B3028 16.09 3 152 L011 0.30 19.5 1.4806 -53 
B3030 12.40 5 250 1.028 0.59 29.3 1.4812 -41 
B3036 12.64 ll 210 1.026 0.42 16.7 1.4827 -56 
B3051 16.13 150 250 1.028 0.18 26.1 1.4769 -46 
B3056 11.52 3 250 1.020 0.64 19.2 1.4806 -34 
B3058 22.61 150 140 1.021 0.31 22.4 1.4790 -46 
B3108 16.27 244 167 1.011 0.23 Lie3 1.4851 -40 
B3109 18.43 19 250 1.014 0.43 18.6 1.4850 =33 
B3110 14.93 9 250 1.018 0.54 19'.7 1.4821 -36 
B3578 14.11 150 205 1.015 0.21 18.1 1.4890 -35 
B3579 11.66 150 245 1.010 0.40 18.0 1.4897 =35 
B3601 6.96 250 171 1.011 0.29 SEY 1.4863 -30 
B3602 16.50 12 250 1.016 0.50 11.0 1.4867 =23) 
B3603 3.47 4 250 1.021 0.65 12.2 1.4868 =22 
LMS = Large Molecular Size Content (%) SR = (SoC aoe 
DUCT = Ductility at 45°F and 77°F 
SG = Specific Gravity 
SHR SUS = Shear Susceptability 
ASPH = Asphaltene Content (%) 
REF IND = Refractive Index 
LST = Limiting Stiffness Temperature (°C) 
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Results 


Table 5 gives the R* and Mallow’s.CP values for various 
combinations of asphalt physical variables. The combina- 
tion of asphaltenes, specific gravity, and ductility at 77°F 
(25°C) gives the best model with the lowest CP and an R* 
value of 0.386. The equation describing this model ts: 


Vise? 00s U0UbOD DUCT 772.203 SG = 
0.8817 ASPH 


Multivariate analysis of this model shows the following 
probabilities that the variables do not influence LMS: 


¢ DUCT 77—5.60 percent. 
¢ SG—10.80 percent. 
¢ ASPH—0.59 percent. 


This study shows that for single relationships LST corre- 
lates best with LMS of the 7 parameters studied. 
However, this relationship has an R* value of 0.230, 
meaning that differences among the LST values of the 
asphalts explain only 23 percent of the variation in LMS 
values. 


The best relationship of the parameters studied to LMS 
content is the combination of asphaltenes, specific 
gravity, and ductility at 77°F (25°C). Because the R* value 
for this relationship is 0.386, only 39 percent of the varia- 
tion of the LMS among the 28 asphalts can be explained 
by corresponding variations in the three independent 
variables. 


Conclusions and Recommendations 


This study addresses the relationship of asphaltic HPGPC 
characteristics to the major physical properties used for 
the specification of asphalts and for the prediction of the 
performance of pavements containing the asphalts. 
Results of this study indicate that the LMS content of the 
asphalts has only a minor influence on the physical 
properties examined. Therefore, other effects not 
identified play an important role in the variation of LMS 
among asphalts. 


More research is needed to define the relationship 
between the LMS content of an asphalt and its physico- 
chemical properties. Perhaps combinations of these 
properties in combination with asphalt physical character- 
istics will provide a stronger correlation with the LMS 
content of asphalts. It is significant, however, that there 
is little correlation between the LMS of the asphalts and 
their LST values for the 28 asphalts studied. This 
indicates that extreme caution is warranted when consid- 
ering HPGPC as a tool for predicting the potential low- 
temperature behavior of any particular asphalt. 
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LMS = Large Molecular Siz nt 
DUCT = Ductility at 45 F and 77° F Com./min.) 
SG = Specific Gravity 

SHR SUS = Shear Susceptability 

ASPH = Asphaltene Contant (%) 

REF IND = Refractive Index A 

LST = Limiting Stiffness Temperature ( C) 
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Residual Driving Stresses 
and Vertically Loaded 
Piles in Cohesionless Soils 


by 


Jean-Louis Briaud and Albert F. DiMillio 





This article is based on a paper 
presented at the March 1984 
Federally Coordinated Program 
(FCP) of Highway Research, 
Development, and Technology 
conference in McLean, Virginia. 
Federal Highway Administration 
(FHWA) pile foundation research 
is included under FCP Project 5P, 
“Foundations and Earth Struc- 
tures."’ The main focus of the pile 
foundation research is to develop 
improved design and predictive 
techniques for single piles and 
pile groups. Current research 
involves laboratory and full-scale 
field experiments to better define 
single pile behavior as a function 
of pile geometry, material type, 
and soil properties. A simple, reli- 
able method for relating single 
pile behavior to group behavior 
also will be developed. A 
complete understanding of 
residual driving stresses in piles is 
necessary to accurately define 
pile-soil interaction. Current 
design procedures will be 
adjusted to incorporate residual 
driving stresses as warranted by 
the experimental analysis. 
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Introduction 


During a hammer blow, a pile moves 
downward, rebounds, and then oscil 
lates around a final position. At its 
final position, the pile is in equilibrium 
under a certain point load and a 
certain friction load, each of which 
cancels out because the load at the 
pile head is zero. This process Is 
repeated for each blow. Figure 1 
shows the residual load distribution In 
the pile at final penetration. 
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Compression 






Ultimate 
load 


Ultimate load 


Residual load 
Measured True 


Tension 


Ultimate load 


VL ~~ 


Residual load 


Measured True 


Figure 1. ~Measured and true load in a driven 


pile. 


During the downward movement of 
the pile, the pile-soil friction acts 
upward to resist penetration; the 
point-soil resistance also acts upward. 
During the rebound that follows, the 
soil under the point pushes the pile 
back up while the pile decompresses 
elastically. These two rebound 
components create enough upward 
movement to reverse the pile-soil fric 
tion which now acts downward at 
least in the upper portion of the pile. 
Equilibrium is reached when enough 
of the friction stresses have reversed 
themselves to keep the bottom of the 
pile stressed against the soil. 


This explains how the unloading 
characteristics of the point and fric 
tion transfer curves (q-w and f-w 
curves) and the elastic characteristics 
of the pile govern the residual 
stresses phenomenon. Also, this 
phenomenon can be caused by 
reconsolidation after driving if relative 
movement between the pile and soil 
occurs. In sands, for example, a 
significant residual point load can 
exist because point Capacities are 
large and because little movement is 
needed to unload the friction transfer 
curve; much more movement Is 
needed to unload the point transfer 
curve. ' 


'J. L. Briaud, L. M. Tucker, R. L. Lytton, and 
H. M. Coyle, ‘The Behavior of Piles and Pile 
Groups in Cohesionless Soils,’’ Report No 
FHWA/RD- 84/007, Federal Highway Adminis 
tration, Washington, D.C., October 1983 
Unpublished report 
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Although the existence of residual 
stresses has been known for a long 
time, the residual stresses have not 
been routinely included in pile design. 
eZ) 


Why Are Residual Stresses 
Important? 


In a conventional load test on an 
instrumented pile, the following 
testing sequence usually is 
observed: The pile is instrumented 
and then driven, the instrumentation 
is zeroed, and finally, the load test is 
performed. Zeroing the instru- 
mentation is equivalent to assuming 
that no stresses exist in the pile after 
driving. Therefore, in a conventional 
load test residual stresses are not 
obtained. 


The differences for a compression 
test and a tension test in load distri- 
bution in the pile between the 
measured loads as described above 
and the true loads that exist in the 
pile are shown in figure 1. The 
interpretation of the results from a 
conventional compression test lead to 
a point load that is lower than the 
true point load and to a friction load 
that is higher than the true friction 
load. The interpretation of the results 
from a conventional tension test, on 
the other hand, leads to a point load 
that is larger than the true point load, 
which is zero, and to a friction load 
that is smaller than the true friction 
load. Because the residual stresses 
are neglected, all the predictive 
methods based on these conventional 
load test results are in error. Residual 
stresses must be considered to 
develop a valid predictive method. 


Residual Stresses Affect Pile 
Length 


In an uninstrumented pile load test, 
residual stresses cannot be measured. 
This is not important if the test is 
performed only to verify the capacity 
of the design pile. Because the 
measured top load and top move- 
ment are correct, there is no need to 
know the residual stresses. However, 





‘Italic numbers in parentheses identify refer- 
ences on page 1/7. 
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if the results of the pile load tests are 
extrapolated to a pile of a different 
length, the residual stresses must be 
considered because the stresses 
affect the load distribution. 


For piles in sand, the point capacity 
becomes more important as the piles 
decrease in length. Because the point 
capacity is larger after considering 
residual stresses, short piles will 
become shorter. As the piles become 
longer, the friction becomes more 
important. Because the friction is 
smaller after considering residual 
stresses, long piles will need to be 
longer to carry the same capacity. 


However, a pile rarely is driven 
through 100 ft (30 m) or more of 
sand. Commonly, long piles are 
driven through clay with the tip 
seated in a sand layer. Measurements 
on piles in clay indicate that residual 
point loads in the pile are less than 5 
percent of the ultimate pile capacity; 
in sand, however, they may be more 
than 20 percent of the ultimate pile 
capacity. Thus, residual stresses 
should not significantly affect the 
current prediction methods for pile 
capacity in clay. Consequently, a pile 
driven through clay into sand should 
carry more load than predicted 
without considering residual stresses. 
Considering residual stresses does not 
reduce the friction in the clay; 
however, their consideration does 
increase the point bearing in the 
sand. In most cases, therefore, the 
consideration of residual stresses 
results in shorter pile length. 


Residual Stresses From Pile 
Load Tests 


The following methods can be used 
to measure or estimate residual 
stresses from pile load test data. 
Method 1 was found to be the most 
reliable and Method 4 the least reli- 
able. 


Method 1: Read instrumentation 
before and after driving: The most 
direct method of measuring residual 
loads is to calculate them from instru- 
ment readings taken before and after 
driving. While the pile is hanging 
under its own weight in driving posi- 
tion, zero the instrumentation. After 
final penetration, read the instru- 
mentation and calculate the residual 
loads directly. 


All other methods consist of zeroing 
the instrumentation after the pile is 
driven and of determining the residual 
load by using a combination of 
testing sequence and theoretical 
reasoning. 


Method 2: Hunter-Davisson method (7): 
This method involves a specific 
testing sequence during the load test 
followed by a special reasoning 
sequence during the data analysis. 
The testing sequence consists of the 
following steps: 


1. Drive the pile. 

2. Zero the instrumentation. 

3. Load the pile to failure in compres- 
sion and read the instrumentation. 
4. Unload the pile to zero top load 
and read the instrumentation. 

5. Zero the instrumentation. 

6. Load the pile to failure in tension 
and read the instrumentation. 

7. Unload the pile to zero top load 
and read the instrumentation. 


The reasoning and analysis sequence 
consists of the following steps, which 
are shown in figure 2: 


1. Curve 1 represents the measured 
ultimate compression load distribu- 
tion, assuming no stresses in the pile 
at start of test. 

2. Curve 2 represents the measured 
compression load distribution after 
complete release of the applied 
compressive load, assuming no 
stresses in the pile at start of test. 

3. Curve 3 represents the measured 
ultimate tension load distribution, 
assuming no stresses in the pile at 
start of test. 

4. Curve 4 represents the measured 
tension load distribution after 
complete release of the applied 
tensile load, assuming no stresses in 
the pile at start of test. 

5. Assuming that no residual stresses 
exist at the end of the tension test, 
curve 4 represents the residual 
compressive loads for the test and, 
when subtracted from curve 3, gives 
curve 5, the adjusted tension load 
distribution. 

6. Curve 4 includes the original 
compressive residual loads in the pile 
from driving before the compression 
test and the residual loads induced by 
the compression test. Subtracting 
curve 2 from curve 4 gives curve 6, 
the original compressive residual 
loads in the pile. 
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Method 3: No unloading reading 


Tension Compression method: The testing sequence used 
tons tons for a load test often is not as rigorous 
200 100 0 100 200 300 as the testing sequence required in 


the Hunter-Davisson method. Method 
3 is used.when the instrumentation 
was not read after unloading the pile; 
that is, when steps 4 and 6 of the 
Hunter-Davisson method were not 
performed. Consequently, curves 2 

poste and 4 in figure 2 are not available for 

ft analysis. In this method the tension 

load at the point is assumed to be the 
residual compressive load at the point 
after driving. This assumes that the 
change in residual loads created by 
the compression test is negligible. For 
this method, curve 4 is a line joining 
the point load of curve 3 and zero 
load at the top. 








1— Ultimate compression 1 ton =0.907 Mg 

2— Unload compression fit 0: 305inn . i 

3— Ultimate tension Method 4: No instrumentation 
4— Unload tension method: When only the load and 


5— Corrected tension 
6— Residual load 
7 —Corrected compression 


movement of a pile are measured at 
the top, the load distribution in the 
pile cannot be obtained. In Method 4 








Figure 2. — The Hunter-Davisson method to obtain residual loads. the ultimate tension load is assumed 
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Table 1.—Comparison of methods of obtaining residual loads from load test data compression. This friction load is 
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wea eee Methods 1, 2, and 3 yield a compres- 
sive side friction load, whereas 











7. Adding curve 6 to curve 1 gives percent of the ultimate tension load. Method 4 gives the tensile friction 
curve 7, the adjusted compression Although this method accurately load. A comparison of results from 
load distribution. predicts residual point load, it gives 

: erroneous residual friction stresses 
This method assumes that the rene 

; ; distribution. 

tension test induces no residual 
loads. However, this assumption Is 3). L. Briaud, L. M. Tuckey, R. L. Lytton, and ‘Ibid i 
incorrect; the error is zero at the top H. M. Coyle, ‘The Behavior of Piles and Pile ~ 
and bottom of the pile and peaks Groups in Cohesionless Soils,’ Report No. “Ibid. 
toward the middle of the pile where FHWA/RD-84/007, Federal Highway Adminis 


tration, Washington, D.C., October 1983. 


the residual tension load can be 25 
Unpublished report. 
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Method 4 with the results from 
Methods 1, 2, and 3 shows that on 
the average of 14 pile load tests the 
friction in tension is only 70 percent 
of the friction in compression. This 
percentage varies from 40 percent to 
110 percent and is lowest for short 
piles, H piles, and tapered piles.® 


To identify the important parameters 
affecting pile behavior under load and 
formulate a pile design method that 
incorporates residual stresses, various 
correlations were performed using the 
pile and soil data from documented 
load tests on instrumented piles that 
were hammer driven and load tested 
vertically. The resulting data base 
was analyzed to determine the load 
transfer characteristics of the soil, 
including the effects of residual 
driving stresses where the data were 
available. The literature review iden- 
tified ten sites with a total of 35 
instrumented piles.’ (3) 


Because of a lack of other soil data at 
the sites, only the standard pene- 
tration test (SPT) N values (blow 
counts) were used in the correlations. 
Uncorrected N values were used 
because correction methods are not 
universally accepted. The correlations 
were performed in three main cate- 
gories: Residual driving stresses, 
point pressure-point movement 
characteristics, and side friction-pile 
movement characteristics. The 
majority of the load tests did not 
measure residual stresses in the pile. 
When measurement data were not 
available, the residual stresses were 
determined from the correlation 
described above. 


A Look at the Future 


The pile design method discussed 
above is a step forward, but further 
research is needed in this area. The 
first important step is to measure 
residual stresses as often as possible 
when a pile is load tested. This meas- 
uring should occur even on routine 
load tests, provided a simple 
measurement method can be 
developed, and should be a contract 
specification for major jobs so a data 
base can be collected from which an 
improved design method can be 
developed. 


"Ibid 
Ibid. 
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The testing method for measuring 
residual stresses and the design 
method to include residual stresses in 
pile length calculations should be 
developed from carefully controlled 
research experiments. The design 
method then could be adjusted or 
verified on actual jobs with the 
testing method. 


The second important step is to 
ensure that any drivability study with 
the wave equation program simulates 
at least five consecutive blows of the 
hammer as opposed to a single blow 
(fig. 3). (4) Common practice is to 
simulate a single blow of the hammer 
on the pile, which does not properly 
consider residual stresses that are 
induced by the first blow and seem to 
stabilize after three blows.® A pile free 
of residual stresses will drive harder 
than a pile affected by the residual 
stress distribution. 


Other aspects to be researched are 
the evolution of residual stresses with 
time, the change in residual stresses 


caused by the driving of additional 
piles in a group, and the distribution 
of residual stresses in very long piles. 


Current FHWA research on residual 
driving stresses in piles in sands 
involves carefully controlled field 
experiments to determine the effect 
of pile type (taper, material, and stiff- 
ness) on the development of residual 
stresses. Correlations will be 
developed between settlement, load 
transfer behavior, relative stiffness, 
length to diameter ratios, soil prop- 
erties, and other geometric and mate- 
rials factors. The relative development 
of residual stresses in low and high 
displacement piles will be assessed 
and the influence on pile design 
methods evaluated. Currently used 
methods for predicting the behavior 
of single piles will be applied to the 
design of test piles and a comparison 
made between the predicted and 
measured behavior. Each test pile will 
be instrumented and dynamic meas- 
urements will be made during driving. 
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Figure 3. —Influence of residual stresses on drivability analysis with the wave equation. 
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Driving resistance records and ground 
response will be measured. Tension 
(uplift) tests will be performed after 
each compression test. The correla- 
tions developed from the measured 
and computed results will be used to 
refine and/or modify current predic- 
tive techniques. 


Summary 


Significant residual point loads can 
exist in piles driven in sands. The 
stresses caused by the residual loads 
are routinely neglected in current pile 
design methods. Consideration of 
residual stresses can result in signifi- 
cant cost savings when pile lengths 
are reduced. Little or no effect is 
involved in pile design for clay soils. 


A method to incorporate residual 
stresses in pile design for sands was 
developed from correlations with SPT 
N values. These correlations were 
used to predict the entire load settle- 
ment curve for a pile with the new 
residual stress method. 


The phenomenon of residual stresses 
in a pile takes place upon unloading 
of that pile after either a hammer 
blow, a compression test, or a 
tension test. A theoretical formulation 
of this unloading process, based on 
the fundamental differential equation, 
indicates the following influences of 
various factors: 


* The longer the pile, the larger the 
residual point load. 


* The more compressible the pile, 
the larger the residual point load. 


* The steeper the unloading slope of 
the friction transfer curve, the larger 
the residual point load. 


* The softer the unloading slope of 
the point transfer curve, the larger 
the residual point load. 


The distribution of residual loads and 
residual stresses in a pile is directly 
related to distribution of ultimate 
loads and ultimate stresses in that 
pile, and residual loads after a tension 
test are not zero but are much 
smaller than those after a compres- 
sion test. 
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Introduction 


The Federal Highway Administration (FHWA) is 
conducting a comprehensive research program to develop 
improved design procedures for bridge foundations. 
Improving the design of pile foundations is a major focus 
of this research. Several studies have been completed 
that have resulted in new design methods, which for the 
most part have been validated based on published data or 
on a few carefully conducted field tests. However, to 
determine the application limits or to refine or modify 
these new methods, the methods must be applied to 
independent data sets covering as wide a range of condi- 
tions as possible. The effect of construction on applying 
analytical methods to the design of service foundations 
must be considered. Very little high quality data are avail- 
able in the literature on the effects that construction activ- 
ities, such as driving adjacent piles, inadvertent batters, 
deformed piles, and changes in soil properties because of 
pile installation, have on predictive methods. 


It is equally important that data be obtained on the long 
term behavior of piles and pile groups, especially for piles 
subjected to downdrag loads or other unusual loading 
conditions. Knowledge of inservice behavior also may lead 
to substantial savings on projects with similar soil and site 
conditions. 


This article presents the results of load tests and a long 
term monitoring program on a bridge along the Natchez 
Trace Parkway and the Douge Creek Bridge in Fort 
Belvoir, Virginia. Also presented are preliminary results 
from the West Seattle Bridge to obtain information on the 
short and long term load settlement and load transfer 
behavior of inservice piles. 


FHWA monitored the Natchez Trace Parkway and Douge 
Creek bridges in cooperation with the Eastern Direct 
Federal Division and monitored the West Seattle Bridge in 
cooperation with the City of Seattle. 


Long Term Monitoring 
of Pile Foundations 


Carl D. Ealy and Albert F. DiMillio 


Natchez Trace Parkway 


Site description 


The test site, located at Big Brown Creek near Tupelo, 
Mississippi, along the Natchez Trace Parkway, is under- 
lain by 25 to 30 ft (7.6 to 9.1 m) of loose to medium silts 
and fine sands, which overlie a dense sand layer of 
undetermined thickness (fig. 1). Dutch Cone soundings 
and Standard Penetration Test (SPT) data indicate low 
shear resistance within the upper 30 ft (9.1 m) (fig. 2). 
Consolidation of the 10 ft (3.0 m) high approach fills was 
estimated to take 381 days for 95 percent consolidation. 
As a result of consolidation, the abutment piles were 
subjected to an estimated 25 tons (22.8 Mg) of downdrag 
load. The test pile is one of six H piles (12HP53) 
supporting the west abutment of the bridge. 
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Figure 1.—Location of test pile and soil profile (Natchez Trace Parkway). 
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Figure 2.— Dutch Cone soundings (Natchez Trace Parkway). 
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Instrumentation 


Pile instrumentation consisted of 10 leveis of, strain gages 
evenly spaced along 47 ft (14.3 m) of the test pile to 
measure load transfer (fig. 3). A wire extensometer 
measured tip movement during static load testing. 
Bondable resistance strain gages were placed in a half- 
bridge configuration at each gage level. Two active gages 
were located diametrically opposite each other on the 
center of either side of the pile web. Two dummy gages 
for temperature compensation were placed on tabs 
welded to the web and placed in adjacent arms of the 
bridge. The two half-bridges were joined at the terminal 
strip to form a full bridge. Several layers of protective 
coating covered each gage installation, and two steel 
channels, one welded on each side of the web, protected 
the gages from damage during driving. The space 
between the channel sections and web was filled with 
epoxy. The readout system consisted of a strain indicator 
and switch and balance box. Before being delivered to the 
field, the instrumented pile was calibrated in the laborato- 
ry to obtain a direct relationship between applied load and 
gage response. 


Installation and load test results 


The test pile was installed on October 21, 1980, with a 
diesel hammer having a rated maximum energy of 25,000 
ft-lb (33.9 MJ). Before it was static load tested, the test 
pile was driven another 1 ft (0.305 m) to its final elevation 
to evaluate soil setup. The retap of the pile indicated that 
soil setup or freeze developed approximately 35 tons (31.7 
Mg) of additional pile capacity. The pile penetrated the 
first 10 ft (3.0 m) under the weight of the hammer. From 
10 to 29 ft (3.0 to 8.8 m) blow counts were approximately 
3 to 6 blows/ft (0.9 to 1.8 blows/m). To this depth, the 
pile hammer performed erratically because of the low soil 
resistance. From 29 to 34 ft (8.8 to 10.4 m) of pile pene- 
tration, resistance increased significantly. 


PUBLIC ROADS ® Vol. 49, No. 1 





Figure 3.— Cross section through H pile showing typical strain gage 
installation (Natchez Trace Parkway). 


Design criteria called for penetration to 47 ft (14.3 m) or 
40 blows/ft (12 blows/m). The blow count criterion was 
reached at 34 ft (10.4 m) of penetration. Because the 
strain gages were placed in accordance with an assumed 
penetration of 47 ft (14.3 m), two levels of gages were 
above ground and in the plane of the abutment as a result 
of the short penetration. Rather than drive the pile 
another 10 ft (3.0 m), which would have required a bigger 
hammer and negated any need for a load test, driving 
was continued for an additional 4 ft (1.2 m) of penetration 
at which point refusal was reached at a blow count of 123 
blows/ft (37 blows/m). This allowed one of the two 
exposed strain gage stations to be salvaged. 


Dynamic measurements were taken with a pile driving 
analyzer during the last 15 ft (4.6 m) of pile driving. The 
excess piling was cut off and the terminal strip and gage 
connections carefully reassembled. Of the 10 levels of 
gages, one level was lost because of the short penetra- 
tion, and another was lost because water penetrated the 
protective coating. 


Static load testing was conducted on October 28, 1980. 
Figures 4-6 show load test results and a comparison 
between computed and measured behavior. The field data 
were used to evaluate the PILGP1 pile group analysis 
program developed for FHWA under previous research. 
(1) ' Basically, the model will output distribution of loads 
to heads of piles because of loads applied at the center of 
the pile cap, individual pile reactions, load distribution 
along a pile, and load settlement values. The user must 
input F-Z data, which describe the relationship between 
skin friction and relative pile movement, Q-Z data, which 
describe the relationship between the load at the tip of a 
pile and movement of the pile tip, and pile and soil 
properties. 


Table 1 presents the test pile analysis using F-Z and Q-Z 
curves determined from criteria suggested in reference 2. 
F-Z curves were input for three depths—0O, 28 ft (8.5 m), 
and 38 ft (11.6 m)—along the length of the pile. After the 
load test, the pile was reanalyzed using F-Z and Q-Z 
curves derived from the measured load distribution data. 





‘ Italic numbers in parentheses identify references on page 29. 
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Figure 4.— Comparison between measured and computed load settlement (Natchez Trace Parkway). 





Table 1.—F-Z and Q-Z data used in PILGP1 analysis ' 
(Natchez Trace Parkway) 











O depth 28 ft depth 38 ft depth 

Z (in) F (psi) F (psi) F (psi) Z (in) Q (Ib) 
0.0 0.0 0.0 0.0 0.0 0.0 
0.025 0.0 S107 7.39 0.0375 OSOFS 
0.05 0.0 6.786 9.638 0.124 146,766 
0.075 0.0 HIBS 11.041 0.188 168,336 
0.10 0.0 8.409 12.005 0.251 185,405 
OLS 0.0 9.228 NS) 0.311 199,980 
0.20 0.0 9.614 N35 U2) 0.375 211,600 
0.225 0.0 9.696 13.843 10.0 211,601 
0.25 0.0 9.722 13.88 
0.10 0.0 9.722 13.88 

' F-max and Q-max determined from reference 2. 

1 ft=0.305 m 

1 in=25.4mm 

1 psi=6.89 kPa 

1 lb =0.454 kg 


LLL LT ET LT I DN NIT IEE REI IE SIR LOY ERY TNR RIS IAN 
For this analysis, F-Z curves were input for depths of 0, 

14.5 ft. (4 4im) 29.0.1 19.0 ot Onital LO-Oamilim andro 
(11.6 m). Q-Z values were derived by extrapolating the 
failure load distribution curve for the last two strain gage 
stations to the pile tip to determine Q-max and applying 

the formulas suggested in reference 2. 


Table 2 shows the F-Z and Q-Z data used for the reana- 
lyzed solution. The F-Z and Q-Z curves described above 
do not reflect residual driving stresses in the piles; that is, 
the analyses using these curves assume no loads in the 
pile after driving and before the application of incremental 
test loads. Theoretically, the top of the pile load settle- 
ment data should not be affected; however, the measured 
load transfer data would be in error by an amount corre- 
sponding to the magnitude and distribution of the residual 
shaft and point loads. Therefore, the following results 
compare the ‘‘apparent”’ load transfer behavior. 


20 








Load (Kips) 
0 50 100 150 200 250 


350 400 } 





te Ae 


3 
e 
= 
$+ | / 
fe ai / 
25 / i 
| fi; J 0K 240K 
ie / 
30 / OO @ Measures 
iy) / Jf iS Computed Using F-Z Curves 
A A on LA Derivea From Dutch 
| a Cone Data 
| a D @ computes Using F-Z and 0-2 
35 |- [7 Curves Derived From Measures J 
ue Lz Load Test Data 
| a 





Figure 5.— Comparison between measured and 
computed /oad distribution (Natchez Trace 
Parkway). 
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Figure 6.— Comparison between measured and 
computed unit skin friction (Natchez Trace 
Parkway). 





Figure 4 compares the measured and computed load 
settlement. Measured failure load was taken as 197 tons 
(179 Mg) and the corresponding total settlement was 
taken as 0.45 in (11.4 mm). The criterion curve correlates 
well with the measured curve with approximately a 5 
percent difference between the computed and measured 
curve for loads up to and slightly beyond the working 
load range (98 tons [89 Mg]). The reanalyzed curve coin- 
cides with the measured curve for loads up to half the 
working load then deviates to an overprediction of settle- 
ment of approximately 3 percent at the working load level 
after which the difference between the reanalyzed and 
measured curve increases rapidly. 
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Table 2.—F-Z and Q-Z data used in PILGP1 analysis ! 
(Natchez Trace Parkway) 











0 depth 24.5 ft depth 29.5 ft depth 34.5 ft depth 38 ft depth 

Z (in) F (psi) F (psi) F (psi) F (psi) iF (psi) Q (|b) Z (in) 
0.0 0.0 0.0 0.0 0.0 0.0 20,104 0.00 
0.02 0.0 0.40 Dies 8.7 8.7 Silesair 
0.04 0.0 Les Sea) he 3.2 105,000 0.08 
0.06 0.0 1.42 ale 3} 16.0 16.0 142,246 0.10 
0.08 0.0 1.46 4.85 17.48 17.48 189,871 0.17 
0.10 0.0 1.48 52 18.10 18.10 191,106 0.20 
0.12 0.0 1.49 Bi) 18.50 18.50 191,100 1.00 
0.14 0.0 ESO) Dez 18.70 18.70 
0.20 0.0 1.50 Spey 19.20 19.20 
1.0 0.0 1.50 Sw 19.20 19.20 
From measured load transfer data. 

eit 023 OS'm 

lin=25.4mm 

] psi=6.89 kPa 

1 lb=0.454 kg 





Figures 5 and 6 compare the computed load distribution 
and unit skin friction to the measured values for loads of 
80 and 240 kips (36.3 and 108.9 Mg). The curves clearly 
show that the upper 25 ft (7.6 m) of soil provides little 
frictional support and the upper 12 ft (3.7 m) provides 
essentially zero support. This was expected because of 
the low frictional resistance in the upper silt and clay 
layers. Significant load transfer did not occur until a depth 
of 25 ft (7.6 m), which corresponds approximately with 
the top of the dense sand layer. Basically, the data indi- 
cate that the tip of the pile carries 45 percent of the 
applied load, the lower quarter of the pile carries 86 
percent, and the lower 10 to 15 ft (3.0 to 4.6 m) of soil 
carries 20 percent. Under the proposed working load of 98 
tons (89 Mg), the relative distribution between tip and 
side resistance is essentially the same with slightly less 
load reaching the tip. 


In contrast to the load settlement curves, the reanalyzed 
load distribution curves nearly coincide with the measured 
load distribution and unit skin friction curves while the 
criterion curves show only fair to poor agreement. 


Long term monitoring 


Figure 7 summarizes the load changes measured in the 
service pile and the major construction events. A number 
of apparently anomalous load readings taken throughout 
the construction period probably reflect reading errors 
rather than actual load changes in the pile. A rainstorm 
soaked the terminal strip and readout equipment 95 days 
after the load test. For several weeks thereafter, gage 
readings did not appear to reflect real load changes in the 
pile. Generally, however, the curves correspond qualita- 
tively with the major construction events. Initial readings 
were taken immediately after the load test on October 28, 
1980, and subsequent readings were taken on a weekly 
basis for 700 days. 
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Figure 7.—Load change with time (Natchez Trace Parkway). 





After the load test, all gage levels, except the last gage 
(located 1 ft [0.305 m] above the pile tip), indicated 
tension loads of approximately 9 tons (8 Mg). The last 
gage level indicated that approximately 9 tons (8 Mg) of 
compressive load remained in the piles near the tip. 
Between the end of the load test and before driving the 
remaining service piles, the load increased to 16 to 20 
tons (14.5 to 18.1 Mg) at levels 2 through 8. The load at 
level 9 increased to 12 tons (10.9 Mg). During this period, 
the only construction activity near the abutment was the 
hauling and compacting of the approach fill. However, 
this activity was several hundred feet from the abutment 
site and theoretically should have the opposite effect, if 
any, on the load distribution. 


The abutment was poured on December 12, 1980. During 
this period, the loads generally decreased at each level to 
between 5 and 10 tons (4.5 to 9.1 Mg). Loads continued 
to decrease to 0 to § tons (0 to 4.5 Mg) and remained at 
this level for the next 85 days. Embankment construction 
began in August 1980 and was approximately 95 percent 
complete at the time of the load test. Assuming that the 
rate of consolidation predictions presented earlier are 
correct, excess pore pressure levels would still be high at 
this time. The decreased and sustained low loads carried 
by the pile beginning shortly after the abutment was 
poured may have resulted from the additional fill 
construction near the abutment. 


a 


Low load levels, recorded for the next 55 days, gradually 
increased to between 5 and 10 tons (4.5 and 9.1 Mg) for 
the next 50 days. During this time, the approach fill was 
completed. The consolidation and negative skin friction 
may have contributed to the observed load increases. 


As discussed previously, negative readings were recorded 
for all gage levels between day 200 and 240. A review of 
the construction logs did not indicate unusual construc- 
tion activity, severe weather changes, or other physical 
conditions that might account for the abrupt changes in 
load distributions. Therefore, the recorded loads are 
assumed to reflect reading error rather than physical 
changes in the pile load distribution. 


The placing of concrete girders between spans 1 and 2 
began July 6 (day 245), which corresponded with a 
dramatic increase in load at all levels. A dramatic increase 
occurred again when the bridge deck was poured August 
28, 1982 (day 300), also the beginning of very erratic load 
distribution with depth readings as shown in figure 7. 


For clarity, figure 7 only shows gage levels 4, 6, and 9 
from day 391 to 591. These levels are located at -12, -22, 
and -37 ft (-3.7, -6.7, and -11.2 m) respectively. Located 
in the soil strata with relatively low shear strength, the 
first two levels theoretically should indicate low load 
transfer to the soil. The gage level 9 is located 1 ft (0.305 
m) above the tip about 7 or 8 ft (2.1 or 2.4 m) into the 
higher shear strength material. From day 329 through 591, 
the load at level 4 generally increased slowly from approx- 
imately 25 to 35 tons (22.7 to 31.6 Mg) although consid- 
erable fluctuation existed. Also, in level 6 the load fluctu- 
ates from 20 to 25 tons (18.1 to 22.7 Mg) from day 328 to 
591. In contrast, the loads at level 9 remained from 20 to 
25 tons (18.1 to 22.7 Mg) with some fluctuation; from day 
521 to 560 the loads increased to approximately 45 tons 
(40.8 Mg) then leveled to about 40 tons (36.3 Mg). Only 
minor construction activity occurred during this period 
and is not thought to have contributed to the load 
changes. 


Figure 8 shows the load distributions with depth corre- 
sponding to the major construction activities. As 
discussed previously, the accuracy of a number of the 
gage readings is uncertain. In addition, the lack of pore 
pressure and corresponding settlement data on the soil 
underlying the fill preclude quantitative correlations 
between the construction activity and the change in load 
distribution. However, the load distribution change with 
depth and with construction events corresponds with 
expected behavior—little load transfer in the upper 25 ft 
(7.6 m), with most of the load transferred to the pile tip. 


Gage readings continued for 729 days after load testing. 
Beginning with day 600, however, the data indicated large 
negative loads at all levels. These anomalous readings 
again were attributed to non-pile soil-related factors such 
as temperature changes, gage creep, and unknown 
residual stress effects. 
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Figure 8.—Load distribution change with time (Natchez Trace Parkway). 





Douge Creek Bridge, Fort Belvoir, Virginia 


Site description 


The bridge site lies in the Atlantic coastal plain geologic 
province, which is underlain by gravels, sand, silt, and 
clay soils developed from alluvial deposits. Boring logs 
indicate the subsurface profile consists of 30 ft (9.1 m) of 
soft to stiff blue clay, underlain by loose sand for an 
undetermined depth. Dutch Cone soundings are summa- 
rized in figure 9. Service piles at pier No. 1, where the 
test pile is located, are fluted monotubes 68 ft (20.7 m) 
embedded length with the bottom 33 ft (10.1 m) having a 
0.25 in/ft taper. The abutment piles are 12HP53 H piles. 
Design loads for the pier piles and the abutment piles are 
89 tons (80.7 Mg) and 66 tons (59.9 Mg) respectively. 
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Figure 9.— Dutch Cone soundings (Douge Creek Bridge). 
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Instrumentation 


Figure 10 shows the pile instrumentation. Eight levels of 
strain gages were installed on a central pipe and then 
lowered into the monotube after the pile was driven. Most 
of the gages were located in the lower two-thirds of the 
pile where most of the load transfer was expected to 
occur. The instrumentation pipe consisted of an inner and 
outer steel tube with the gages mounted on the outside 
of the inner tube. 
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Figure 10.—Pile instrumentation (Douge Creek Bridge). 
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Two half-bridges were located at each level (180° apart) 
and wired to complete a full bridge at the readout box. 
After the pile was driven, the 3 in (76.2 mm) diameter 
outer tube and the 2 1/4 in (57.2 mm) instrumented inner 
tube were assembled in 9 ft (2.7 m) sections and lowered 
into the center of the monotube. The annular space 
between the inner and outer tube was filled with a high- 
strength epoxy. The monotube then was filled with 
concrete in the space between the 3 in (76.2 mm) diam- 
eter tube and the monotube. 


Installation and load test results 


The test pile, driven on August 26, 1981, with a single 
acting diesel hammer having a maximum rated energy of 
45,000 ft-lb (61.1 MJ), was load tested on September 22, 
1981; 


The required embedded length for the monotube was 
reached before the required blow count, the opposite of 
what occurred at the Natchez Trace Parkway site. Driving 
was halted for a few moments then resumed. For the 
next 1 ft (0.305 m) of penetration, blow counts were 
approximately 10 blows higher than in the previous 1 ft 
(0.305 m) of penetration. As driving continued, the blow 
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counts again dropped off. It was decided to drive piles to 
required lengths regardless of blow count. The low blow 
counts appear to be caused by reduction in effective 
stress caused by excess pore pressure, which dissipated 
rapidly, Figures 11-13 summarize the results of the load 
test and compare computed and measured behavior. 
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Figure 11.— Comparison between measured and computed /oad settle- 
ment for test pile (Douge Creek Bridge). 
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Figure 12. Comparison between measured and computed load distribu- 
tion for test pile (Douge Creek Bridge). 
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Figure 13.— Comparison between measured and computed unit skin fric- 
tion (Douge Creek Bridge). 
LO TE NPI DIO ONE TT ET a IE a Te TT PG IE 1 ET TT NOE TM LSS OY 


23 


The load settlement, load distribution, and unit skin fric- 
tion were computed using the PILGP1 computer model. 
The pile first was analyzed using input F-Z values based 
on F values determined from Dutch Cone soundings, with 
Zc (the relative displacement at which maximum shear 
stress |F,,3.] is mobilized) assumed to be 0.25 in (6.4 mm). 
Two curves, one at the surface and the other at the pile 
tip, were input. No Q-Z values were input because the 
pile was designed as a pure friction pile. Table 3 shows 
the F-Z data used in this analysis. 
ee 

Table 3.—F-Z data used in PILGP1 analysis '! 

(Douge Creek Bridge) 











0 depth 68 ft depth 

Z (in) F (psi) F (psi) 
0.00 0.0 0.0 
0.025 3.19 Cre 
0.050 aaah eel 
0.075 a TT [27S 
0.100 5.19 13.84 
0.150 5,710) 15.19 
0.200 503i sre2 
O25 6.00 15.96 
0.250 6.00 16.00 
10.0 6.00 16.00 

' F-max determined from Dutch Cone data. 

eit O es Osean 

lin=25.4mm 

1 psi=6.89 kPa 





The pile was reanalyzed after the load test using the 
measured load transfer data to obtain input F-Z values. 
Curves were input at the surface and at depths of 14 ft 
(4-3) 25, 1t( 7-6 miles 7 it (loam) 4014.9 im) and 
68 ft (20.7 m). Table 4 shows F-Z data used in the 
reanalysis. Again, the results compare only apparent load 
transfer behavior because residual load transfer data were 
not obtained. 


Figure 11 compares the measured and computed load 
settlement relationships. The measured failure load was 
166 tons (150.6 Mg), and the corresponding settlement 
was 0.325 in (8.26 mm). Within the working load range, 
the Dutch Cone curve underpredicts the settlement 
slightly but closely agrees with the measured curve well 
beyond the working load range. The reanalyzed curve 


nearly coincides with the measured curve under working 
loads but begins to deviate sharply from the measured 
curve beyond this point. 


Figures 12 and 13 compare the computed and measured 
load distribution and unit skin friction curves for applied 
loads of 55 and 120 tons (49.9 and 108.9 Mg). The meas- 
ured curve indicates that a nearly linear relationship exists 
between the load in the pile with depth for the first 35 ft 
(10.7 m), which marks the end of the straight portion of 
the pile. The slope then increases sharply with depth. The 
reanalyzed curve nearly coincides with the measured 
curve. The curve derived from Ditch Cone data roughly 
parallels the measured curve but at a 25-percent less load 
for corresponding levels except for the lower three levels 
where the curves converge. Figure 13 shows similar 
correlations for the unit skin friction curves, which indi- 
cates that the tapered portion of the pile is more efficient 
in transferring load to the surrounding soil. 


Long term monitoring 


Figure 14 summarizes the load changes in the pile from 
the end of load testing to 2 months after completion of 
the bridge. All of the gages appeared to function satisfac- 
torily through the first 60 days. Then the test pile was 
vandalized resulting in the loss of stability in one gage and 
questionable behavior of another. Of the eight levels of 
gages, five are thought to have functioned properly 
throughout the entire monitoring period and to have 
provided reliable data. 


Initial readings were taken immediately after the load test 
on September 22, 1981 (day 0), followed by weekly read- 
ings during construction, and quarterly readings there- 
after. The upper three gage levels indicated residual load 
levels of 10 to 20 tons (9.1 to 18.1 Mg) remaining after 
the load test. These loads did not change significantly 
until the west abutment piles (40 ft [12.2 m] from the test 
pile) were driven on day 12. Readings were taken 2 days 
before when the east abutment piles (located across the 
creek 100 ft [30.5 m] from the test pile) were driven. No 
change in loads was observed during the driving of these 
piles. During and after the last two west abutment piles 


FSI RRS YR OE TUE PTE RET GRRE IRR RTT EEE EC ATI SIE RS COP TP SDE TE ETT OSLO EST 1 EE aL LIN EE EES LE EY I TT PTE SET CS I I LIS TT SD 
Table 4.—Data used in PILGP1 analysis ' 
(Douge Creek Bridge) 











0 depth [eZ Sieclemen 25 ft depth 37 ft depth 68 ft depth 
Z (in) F (psi) le Z (in) F (in) F (in) Z (in) F (psi) 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.005 0.0 0.6 0.015 BE 3.6 0.020 10.4 
0.015 0.0 1.4 0.030 ee Sov 0.030 IA? 
0.025 0.0 2.0 0.040 (6), I 6.1 0.040, 15.40 
0.035 0.0 235 0.06 Wed HS 0.060 lees 
0.045 0.0 2.6 0.075 isu? 8.2 0.070 18.40 
0.055 0.0 2.8 0.080 8.4 8.4 0.080 14.0 
0.065 0.0 FG 0.085 8.51 Snell 0.085 19.20 
0.075 0.0 Sule) 0.090 8.51 8.51 0.090 19.30 
1.000 0.0 Jeol 1.0 saul Seo 1.0 19.30 
From measured load transfer data. 
Pit 0O.s05um 
lin=25.4mm 


1 psi=6.89 kPa 
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had been driven, gage readouts indicated a reduction in 
load at all levels except the tip, with the measured pile 
loads at the upper three levels ranging from 0 to -10 tons 
(-9.1 Mg). Readings taken approximately 8 days later indi- 
cated a gain in load ranging from 4 tons (3.6 Mg) in level 
1 to 27 tons (24.5 Mg) in level 6. 


The remaining piles were driven on November 12, 1981 
(day 50), and again a significant drop in load at each level 
was recorded. This pattern was repeated during the 
driving of timber piles for support of the falsework. Unfor- 
tunately, the test pile was vandalized just before the 
driving of the falsework timber piles so no quantitative 
analysis can be made relative to the apparent change in 
loads recorded during the driving. However, the relative 
behavior parallels the pattern of load loss and regain 
observed during the driving of the pier and abutment 
piles, except for an anomalously large negative load 
recorded at the 43 ft (13.1 m) level. Between the instal- 
lation of the timber piles and the pouring of the bridge 
deck, only minor changes in load were observed in most 








Load (Tons) 
Ss 





NLL son 




















Figure 14. —Load change with time (Douge Creek Bridge). 





levels with the exception of level 6. A steady increase in 
load that cannot be accounted for by the construction 
activity occurred at this level. Construction of the false- 
work and the laying of rebars within the forms were the 
only activities during this period. 


The bridge deck was poured on March 11, 1982 (day 
170), and the falsework was removed between March 25- 
30, with a Corresponding transfer of load to the piles. The 
load at the 19 ft (5.8 m), 43 ft (13.1 m), and 55 ft 

(16.8 m) levels increased steadily from this point through 
May 14, which marks the end of construction for the first 
half of the bridge. Subsequent readings generally 
remained stable, with minor fluctuations through 
September 9, 1982 (day 357), when the second half of the 
bridge was completed and opened to traffic. 


Figure 15 shows the load distributions (with depth) corre- 
sponding to the major construction activities. Note that 
the tip load changed very little. The final measured load is 
only 2.8 tons (2.5 Mg) compared to 1.36 tons (1.23 Mg) 
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Figure 15.—Load distribution change with time (Douge Creek Bridge). 





remaining after the load test. These load distributions 
appear to be representative of the actual distribution until 
the driving of the timber piles. However, as discussed, 
gage levels 5 and 7 at depths of 9 ft (2.7 m) and 31 ft 
(9.4 m) definitely failed, and gage level 6 at 19 ft (5.8 m) 
was suspect. 


The measured load distribution between March 26, 1982 
(when the falsework was removed), and the completion 
of the bridge (September 9, 1982) is consistent with 
expected behavior with the exception of the magnitude of 
the load at the 19 ft (5.8 m) level, which was 30 to 50 
percent higher than the design load. Practically no change 
occurred in the lower four gage levels from the point of 
complete structural load transfer (opening of the first half 
of the bridge) through the completion of the second half. 
The load level near the tip changed very little from the 
end of the load test through completion of construction, 
which verified design expectations. 


West Seattle Bridge Replacement Project 


Site description 


Figure 16 shows the general soils profile underlying test 
pier EA-31 and the results of Dutch Cone soundings near 
the pier. The site is underlain by variable deposits of sand, 
silt, and clay of fluvial and glacio-fluvial origin. With the 
exception of the upper 20 ft (6.1 m) layer of loose to 
medium dense sand, the piles lie entirely within a thick 
zone of medium dense to very dense sand. 


Test pile installation and load test results 


Before construction of the test pier, a comprehensive site 
investigation and load test program were performed 
consisting of a compression load test to failure on an 
instrumented 24 in (0.6 m) diameter, 98 ft (29.9 m) long 
prestressed concrete pile.* The test pile was instrumented 





"Geotechnical Engineering Studies, West Seattle Freeway Bridge 
Replacement, City of Seattle,“’ Shannon and Wilson, Inc., Seattle, 
Wash., August 1980. Unpublished report. 
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with vibrating wire strain gages and telltales at five loca- 





DUTCH CONE PROBE WSP- 13 tions along the length of the pile for load transfer 
Nae eee ee eee analysis. The load test pile was driven on February 26, 
Ler i S| cist ‘oie 1980, with a diesel hammer having a minimum rated 
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hare energy of 39,600 ft-lb (53.7 MJ) and a maximum of 

| 94,050 ft-lb (127.5 MJ). Figures 17-19 show the results of 
the load test and compare computed and measured 
behavior. 





The test pile initially was analyzed using PILGP1 with 

F-Z and Q-Z input data derived from F-max and Q-max 
values obtained from the Dutch Cone soundings. It was 
then reanalyzed using measured load transfer data to 
derive F-Z and Q-Z input data. Tables 5 and 6 show the 
number of curves and input values used for each method. 
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Figure 17 shows the results obtained for the load settle- 
ment relationships. The reanalyzed curve correlates well 
with the measured curve although it slightly underpredicts 
the settlement. The Dutch Cone curve correlates poorly 
because of uncertainties in deriving F-max and Q-max 
values. 
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as Sts Figures 18 and 19 compare the measured and computed 

load distribution and unit skin friction for applied loads of 
200 and 400 tons (181 and 363 Mg) respectively. A fair to 
good correlation exists between both the Dutch Cone and 


reanalyzed curve with the measured curves. 
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Figure 16.— Dutch Cone soundings (West Seattle Bridge). 





Table 5.—F-Z and Q-Z data used in PILGP 1 analysis ' 
(West Seattle Bridge) 











0 depth 30 ft depth 60 ft depth 100 ft depth 
Vb ; F (psi) Me F (psi) F (psi) F (psi) Q (Ib) Z (in) 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0, 
0.010 0.0 0.050 1.20 3.20 2.60 66,840 0.03 
0.030 0.0 0.100 DAO 4.70 4.00 84,255 0.06 
0.040 0.0 0.150 3.40 6.00 4.80 99 850 0.10 
0.072 0.0 0.200 4.20 7.40 5.60 114,320 (Omley 
0.095 0.0 0.250 Si(0) 8.60 6.40 2S > 0.20 
Om25 0.0 0.300 Ded 9.60 FANG 1B esilsy On25 
1.00 0.0 0.350 6.030 10.70 8.00 144,000 0.30 
0.400 6.20 AG) 8.50 144,000 10.0 
10.00 6.20 A) 8.50 





F-max and Q-max determined from Dutch Cone data. 
1 ft=0.305 m 
lin=25.4mm 
1 psi=6.89 kPa 
1 lb=0.454 kg 
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Table 6.—F-Z and Q-Z data used in PILGP 1 analysis ' 
(West Seattle Bridge) 





95 and 98 





0 depth 13 ft depth 36 ft depth 56 ft depth ft depth 

Z (in) F (psi) F (psi) F (psi) F (psi) F (psi) QO (Ib) Z (in) 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 
0.02 0.0 0.6 1.8 Sie) B33 66,000 0.020 
0.05 0.0 1.6 3.4 one S20 130,000 0.050 
0.10 0.0 Ba) 4.8 7.8 7.8 102,000 0.030 
Os5 0.0 4.0 Sail 9.8 9.8 200,000 0.100 
0.20 0.0 4.8 6.4 11.4 11.4 226,000 0.140 
0.25 0.0 Sy" 6.82 Leap eRe) 264,000 0.180 
0.30 0.0 5.5 had jl ski i) 284,000 0.240 
O235 0.0 525) Tas! 14.1 14.1 284,000 0.420 
1.0 0.0 2) Va 14.1 14.1 





' From measured load transfer data. 
i a= OR SLO BS aa 

1 in=25.4mm 

1 psi=6.89 kPa 

1 lb =0.454 kg 





Unit Skin Friction (psi) 
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Figure 18.— Comparison between measured and computed /oad distri- 
bution (test pile A, West Seattle Bridge). 
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Pile group instrumentation 


Figure 20 shows the pile and soil instrumentation. All piles 
in the group are instrumented at the top, above the soll 
line to measure the load transferred from the cap to each 
pile. Three of the piles, numbered 1, 7, and 10 in figure 
20, are instrumented along the entire length with vibrating 
wire strain gages configured in pairs at each level and 
with telltale rods as a backup measuring system. These 
three piles also have pneumatic total pressure cells at the 
tip. The strain gages were mounted on 5 ft (1.5 m) 
sections of steel pipe, assembled, and lowered into the 
pile in the field. The load transferred from the superstruc- 
ture to the pile cap is measured by four instrumented 
pipes located in the base of the column. The overall 
settlement of the pier footing will be measured by first 
order engineering leveling, and settlement within the soll 
layers beneath the pier footing will be measured with a 
five-position mechanical extensometer. 


To aid in the interpretation and reduction of the strain 
gage and telltale readings, a test specimen poured from 
the same batch of concrete as the foundation piles and 
instrumented with representative instrumentation is 
periodically tested to evaluate changes In modulus value 
caused by concrete creep. Test specimen data will be 
used to correct pile loads calculated from strain gage and 
telltale readings. 


Long term monitoring 


Instrument readings were taken on a monthly basis during 
construction and at each major construction event. Read- 
ings will be taken quarterly for a 5-year postconstruction 
period. The results of the pile group monitoring program 
are not yet available. 
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Figure 20.—Pile and soil instrumentation (West Seattle Bridge). 
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Summary 


Natchez Trace Parkway: 


e Appreciable soil setup occurred between the initial pile 
driving and retap of the test pile 7 days later, which 
points out the need for considering setup when using 
dynamic measurements for pile capacity predictions. 


e Although the pile was designed as an end-bearing pile, 
approximately 50 percent of the applied load was trans- 
ferred in side friction, which resulted in the pile reaching 
the design bearing capacity at a much shallower depth. 


¢ Load distribution changes with construction activity 
correlated well (qualitatively) with expected behavior. 


e The FHWA's PILGP1 method using published criteria 
correlated well with measured results within the working 
loads range. 


Douge Creek Bridge: 


¢ Significant pore pressures developed during installation 
of the remaining service piles and falsework piles tempo- 
rarily reduced load transfer in the instrumented test pile. 

The magnitude of load change depended on the distance 
between the test pile and pile driving operations. 


e Measured load changes correlated well with construc- 
tion activities. Good data were obtained on the behavior 
of a service pile from preconstruction through postcon- 

struction. 


e The FHWA‘s PILGP1 method using Dutch Cone data 
correlated well with the measured results both within and 
beyond the working loads range. 


West Seattle Bridge: 


e The FHWA’s PILGP1 method using the Dutch Cone 
data and the reanalyzed curves from the load test corre- 
lated well with measured results. 
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Recent Research Reports 
You Should Know About 





The following are brief descriptions of 
selected reports recently published by the 
Federal Highway Administration, Offices 
of Research, Development, and Tech- 
nology (RD&T). The Office of Engineering 
and Highway Operations Research and 
Development (R&D) includes the Struc- 
tures Division; Pavement Division; 
Construction, Maintenance, and Environ- 
mentai Design Division; and the Materials 
Technology and Chemistry Division. The 
Office of Safety and Traffic Operations 
R&D includes the Traffic Systems Divi- 
sion, Safety Design Division, and Safety 
Research Division. The reports are avail- 
able from the source noted at the end of 
each description. 





Requests for items available from the 
RD&T Report Center should be addressed 
to: 

Federal Highway Administration 

RD&T Report Center, HRD-11 

6300 Georgetown Pike 

McLean, Virginia 22101-2296 

Telephone: 703-285-2144 


When ordering from the National Tech- 
nical Information Service (NTIS), use PB 
number and/or the report number with the 
report title and address requests to: 


National Technical Information Service 
5285 Port Royal Road 
Springfield, Virginia 22161 
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Loading Spectrum Experienced by 
Bridge Structures in the United 
States, Report No. 
FHWA/RD-85/012 


by Structures Division 


This report presents the results of a 
study to determine the loading 
spectrum experienced by U.S. 
bridges. More than 27,000 trucks 
were weighed in seven States using a 
bridge weigh-in-motion system that 
uses instrumented highway bridge 
girders as equivalent static scales to 
obtain truck gross and axle weights, 
dimensions, and speed. Because of 





improvements in system software and 
hardware, weighing can be performed 
automatically with no traffic observer 
necessary. The accuracy of the in- 
motion weighing has been established 
by repeatability tests and by 
comparison with static weigh 
stations. 


The report may be purchased from 
NTIS. 


Summary Narrative Report on 
FHWA Project 5B— Tunneling 
Technology for Future Highways, 
Report No. FHWA/RD-85/016 


by Structures Division 


This report summarizes tunnel 
research accomplishments including 
state-of-the-art tunneling techniques 
developed and proven outside the 
United States but not yet used in the 
United States and experimental tech- 
niques that have been tried but not 
yet fully accepted. Specific research 
studies are discussed dealing with 





cut-and-cover tunnels, site investi- 
gation, earth movements, environ- 
mental criteria, and supporting activ- 
ities such as research conferences 
and information exchange. Several 
appendixes list general references, 
relevant research, implementation, 
and supporting activities publications. 


The report may be purchased from 
NTIS. 


Limited Sight Distance Warning 
for Vertical Curves, Report No. 
FHWA/RD-85/046 


by Traffic Systems Division 


This report summarizes the proce- 
dures and findings of a study of 
highway signs that warn of restricted 
sight distance because of crest 
vertical curves. Driver awareness, 
understanding, and response to the 
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existing LIMITED SIGHT DISTANCE 
(LSD) sign and several alternative 
signs were measured. The five most 
promising designs were laboratory 
tested to assess driver comprehension 
and assimilation. The two most 
promising verbal and symbol alterna- 
tives were next evaluated in a 
controlled field study and an obser- 
vational field study conducted at 
several vertical curves on two-lane 
rural roads. The controlled study indi- 
cated that both of the alternative 
signs—one with the legend SLOW 
HILL BLOCKS VIEW and the other 
with a symbol in combination with 
that message —were superior to the 
LSD sign. 


The report may be purchased from 
Nis: 
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Prevention and Control of 
Highway Tunnel Fires, Report No. 
FHWA/RD-83/032 


by Construction, Maintenance, 
and Environmental Design Divi- 
sion 


This report presents recom- 
mendations for reducing the risk, 
damage, injuries, and fatalities from 
fires in existing and future highway 
tunnels. The report is based on an 
analytical synthesis of tunnel design 
and operation features that affect fire 
Starts, spreads, detection, damage, 
control, and related alarm and 
response systems and procedures. 
The history of highway tunnel fires; 
results of controlled tunnel fire experi- 
ments; observations of numerous, 
significant American and foreign 
tunnels, including those with recent 
major fires; interviews with tunnel 
operators; and a risk analysis based 
largely on truck accidents and fires 
on all major highways were all 
considered in the evaluation. Quali- 
tative assessments are made of the 
effects of traffic, tunnel design, and 
operations on the risk of fires in 
highway tunnels. Extensive contri- 
butions and reviews were made by 
fire, highway tunnel, motor carrier, 
and safety experts. 


The report may be purchased from 
NTIS. 








Heavy Vehicle Tests of Tubular 
Thrie Beam Retrofit Bridge 
Railing, Report No. 
FHWA/RD-82/007 


by Safety Design Division 


This report documents the results of 
tests with an upgraded passenger 
vehicle retrofit bridge rail. The previ- 
ously developed retrofit design was 
reanalyzed and slightly modified to 
extend its range of impact perform- 
ance to include heavy vehicles. 


A series of six tests were performed 
using vehicles ranging from 1,840 Ib 
(0.8 Mg) to 40,000 Ib (18.1 Mg). In all 
tests, the vehicles were successfully 
redirected, but some resulted in roll- 
over. A modification to the basic 
structure was introduced, and retests 
demonstrated that rollover was 
prevented. 


Limited copies of the report are avail- 
able from the RD&T Report Center. 
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Implementation /User Items 


“how-to-do-it”’ 





The following are brief descriptions of 
selected items that have been completed 
recently by State and Federal highway 
units in cooperation with the Office of 
Implementation, Offices of Research, 
Development, and Technology (RD&T), 
Federal Highway Administration. Some 
items by others are included when they 
have a special interest to highway 


agencies. 
SEIT ILS EET ATER IP CL ILE EAL DELO LABEL LL RTE POLIO L I NET POPC 


Requests for items available from the 
RD&T Report Center should be 


addressed to: 


Federal Highway Administration 
RD&T Report Center, HRD-11 
6300 Georgetown Pike 

McLean, Virginia 22101-2296 
Telephone: 703-285-2144 


When ordering from the National Tech- 
nical Information Service (NTIS), use PB 
number and/or the report number with the 
report title and address requests to: 


National Technical Information Service 
5285 Port Royal Road 
Springfield, Virginia 22161 





Case Studies Using EAROMAR, 
Report No. FHWA-TS-84-219 


by Office of Implementation 


To select among alternative pavement 
investment and maintenance 
strategies, economic analyses are 
made to consider both the costs and 
impacts of each strategy. Such 
analyses are sensitive to several local 
factors including initial pavement 
design and construction, traffic loads, 
climate, maintenance and rehabilita- 
tion policy, maintenance technology, 
and unit costs. 
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To better account for the interactions 
among these factors in influencing 
strategy selection, a redesigned and 
recoded Economic Analysis of 
Roadway Occupancy for Maintenance 
and Rehabilitation (EAROMAR) 
system has been produced. 


This report illustrates EAROMAR’s 
use through application in a case 
study and through a set of sensitivity 
runs. The case study deals with pave- 
ment reconstruction versus rehabili- 
tation alternatives on Route 128 in 
Massachusetts, a six- to eight-lane 
freeway handling in excess of 100,000 
vehicles per day. The kinds of 
sources of data required, the results 
predicted, and analyses of these 
results to develop specific conclu- 
sions are discussed. 





The report may be purchased from 
NTIS. 


Flexible Delineator Post Test 
Procedures, Report No. 
FHWA-TS-84-225 


by Office of Implementation 


This report provides simplified test 
procedures to evaluate flexible deline- 
ator posts. Many of the variables 
inherent in previous testing have been 
eliminated. It is intended that the 
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simplified procedures can be used to 
evaluate posts currently installed in a 
State. The results of the tests then 
can be correlated with past field 
performance. Once such correlations 
have been made, the probable per- 
formance of a new post can be deter- 
mined using data from the series of 
simplified procedures. 


Limited copies of the report are avail- 
able from the RD&T Report Center. 
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Technology Transfer Primer, 
Report No. FHWA-TS-84-226 


by Office of Implementation 


Technology transfer as a working 
process can have a variety of defi- 
nitions for different work situations. 
To be successful the process must be 
both dynamic and interactive, which 
emphasizes the human component. 
Writing, speaking, and visual 
communication skills are all necessary 
for effective transfer and dissemi- 
nation of the information. A prime 
goal of the process is to have the 
user accept and adopt the new tech- 
nology. Obtaining and evaluating 
feedback on the success of the tech- 
nology transfer methods used are 
often an overlooked aspect in the 
process. All of these factors and 
others are explored fully in this 
report. 


General information on interpersonal 
communications and helpful infor- 
mation lists and checksheets for 
meetings, workshops, conferences, 
written reports, and newsletter 
developments are included. 


Limited copies of the report are avail- 
able from the RD&T Report Center. 


TECHNOLOGY 
TRANSFER 
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Work Zone Accident Data 
Process— Training Guide, Report 
No. FHWA-IP-85-4 


by Office of Implementation 


The collection of accident data by 
law enforcement officials on acci- 
dents occurring within construction 
and maintenance work zones usually 
is not adequate to assess whether or 
not the accidents are directly or indi- 
rectly related to traffic control or 
physical roadway features. To deter- 
mine this relationship, the construc- 
tion and/or supervisory staff need to 
collect supplemental data. These 





engineers and technicians need to be 
trained in the techniques of acquiring 
traffic accident data for immediate 
assessment of inplace traffic controls 
and for the Statewide assessment of 
traffic control standards. This training 
guide provides the outline, visual 
aids, and necessary supporting infor- 
mation for a 3- to 4-hour course on 
the collection of work zone accident 
data. 


Limited copies of the guide are avail- 
able from the RD&T Report Center. 








Introduction to Slope Stability 
Analysis With STABL4, Report 
No. FHWA-TS-85-212 


by Office of Implementation 


STABL, a computer program 
developed by Purdue University, is a 
versatile and practical program for 
State highway agencies to use to 
analyze slope stability problems for 
highway slopes. This program can be 
used to analyze slope failure sections 
having a circular shape using the 
simplified Bishop method and also 
sliding blocks or irregular shapes 
using the simplified Janbu method. A 
unique feature of the program allows 
random surfaces to be generated, 
allowing the user to more easily 
determine the critical minimum factor 
of safety. 


This report describes the new version 
of the program, STABL4. The major 
enhancement in STABL4 is the addi- 
tion of the TIEBACK option, which 
allows the user to specify horizontal 
or inclined concentrated loads acting 
on the slope to simulate features 
such as tiebacks to Support excava- 
tions or increase slope stability. This 
option provides a method of 
analyzing the overall stability of 
slopes and retaining walls using 
tiebacks. The program operation has 
been improved, and a portion of the 
program dealing with the pseudo 
Static earthquake analysis has been 
modified. 


Copies of the report are available 
from the RD&T Report Center. 
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New 
Research 
in Progress 








The following new research studies 
reported by FHWA’'s Offices of Research, 
Development, and Technology are 
sponsored in whole or in part with Federal 
highway funds. For further details on a 
particular study, please note the kind of 
study at the end of each description and 
contact the following: Staff and adminis- 
trative contract research— Public Roads 
magazine; Highway Planning and Research 
(HP&R)— performing State highway or 
transportation department; National 
Cooperative Highway Research Program 
(NCHRP)—Program Director, National 
Cooperative Highway Research Program, 
Transportation Research Board, 2101 
Constitution Avenue, NW., Washington, 
D.C. 20418. 


FCP Category 1— Highway 
Design and Operation for 
Safety 


FCP Project 1A: Traffic and 
Safety Control Devices 


Title: Improved Signing for Traffic 
Circles. (FCP No. 41A1074) 
Objective: Develop a motorist infor- 
mation system useful for traffic 
circles of various shapes and designs 
that will minimize driver confusion by 
allowing drivers to read and assimilate 
guidance information before nego- 
tiating the circle itself. Determine 
safety-related surrogate variables for 
measuring sign-related driver confu- 
sion at traffic circles, select signing 
treatments with the highest potential 
for reducing driver confusion at traffic 
circles, and compare the effective- 
ness of the best alternative sign treat- 
ments with standard treatments at 
selected circles using selected 
measures of effectiveness. 
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Performing Organization: New 
Jersey Department of Transportation, 
Trenton, N.J. 08625 

Expected Completion Date: June 
1987 

Estimated Cost: $33,340 (HP&R) 


Title: Transport of Hazardous 
Materials in Arizona. (FCP No. 
41A3154) 

Objective: Identify operations 
involving hazardous materials, 
including radioactive materials and 
generators of hazardous waste. 
Conduct surveys to determine volume 
of flow, kind of material, routes 
taken, and seasonal variations. 
Describe, summarize, and display 
patterns of transportation on 
computer-based maps. Conduct a risk 
assessment of transporting hazardous 
materials. Prepare a final report that 
presents the findings and discusses 
their implementation. 

Performing Organization: Arizona 
State University, Tempe, Ariz. 85287 
Funding Agency: Arizona Depart- 
ment of Transportation 

Expected Completion Date: 
August 1985 

Estimated Cost: $35,000 (HP&R) 


FCP Project 1N: Safety of 
Nonmotorists 


Title: Highway Route Designation 
Criteria for Bicycle Routes. (FCP 
No. 31N2032) 

Objective: Review highway-bicycle 
route designation criteria, with the 
focus on the evaluation/assessment 
of highway design elements for 
geometrics, pavements, and roadside 
development. Include cost, safety, 
operational, and traffic criteria in the 
evaluation/assessment. Investigate 


State/local liability issues related to 
specific highway design elements. 
Prepare a handbook for evaluating 
roadways for proposed bicycle 
accommodations. 

Performing Organization: The 
Bicycle Federation, Washington, D.C. 
20007 

Expected Completion Date: March 
1986 

Estimated Cost: $69,140 (FHWA 
Administrative Contract) 


FCP Category 2—Traffic 
Control and Management 


FCP Project 20: Urban Network 
Control 


Title: Enhancement of the Value 
Iteration Program for Actuated 
Signals. (FCP No. 4201222) 
Objective: Extend the VIPAS 
program to include additional left turn 
geometrics. Collect field data to cali- 
brate, validate, and test VIPAS. 
Reprogram as necessary to increase 
the modularization of some of the 
current subroutines. 

Performing Organization: Univer- 
sity of Pittsburgh, Pittsburgh, Pa. 
15260 

Funding Agency: Pennsylvania 
Department of Transportation 
Expected Completion Date: 
August 1986 

Estimated Cost: $174,985 (HP&R) 
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FCP Category 4— Pavement 
Design, Construction, and 
Management 


FCP Project 4B: Design and 
Rehabilitation of Rigid Pavements 


Title: Methods and Materials for 
Sealing Concrete Pavement Joints 
in Utah. (FCP No. 44B2254) 
Objective: Evaluate the short-term 
performance (3 years) of at least 10 
currently available silicone and low- 
modulus hot pour sealants. Include 
installation methods and joint 
configurations. 

Performing Organization: Utah 
Department of Transportation, Salt 
Lake City, Utah 84119 

Expected Completion Date: 
November 1987 

Estimated Cost: $35,000 (HP&R) 


Title: Methods for Shoulder Joint 
Sealing. (FCP No. 34B3445) 
Objective: Develop recommenda- 
tions and criteria for the design, 
construction, maintenance, and 
rehabilitation of shoulder joint seals to 
account for the effects of differential 
movements between shoulder and 
pavement and evaluate sealing mate- 
rials and sealing techniques. Apply 
the recommendations to the design 
of new pavements and shoulders and 
to the maintenance and rehabilitation 
of existing shoulder joints. 
Performing Organization: ERES 
Consultants, Inc., Champaign, Ill., 
61820 

Expected Completion Date: 
November 1986 

Estimated Cost: $135,260 (FHWA 
Administrative Contract) 
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FCP Project 4C: Design and 
Rehabilitation of Flexible Pave- 
ments 


Title: Structural Value of Asphalt- 
Treated Permeable Material and 
Open-Graded Asphalt Concrete. 
(FCP No. 44C1183) 

Objective: Determine gravel equiva- 
lent factors and R-values for asphalt- 
treated permeable base and open- 
graded asphalt concrete by dynaflect 
deflection measurements at various 
stages of construction of 11 experi- 
mental sections in the field. Use 
cores and briquettes in the laboratory 
to measure stability, R-value, 
cohesion, and resilient modulus. 
Performing Organization: Cali- 
fornia Department of Transportation, 
Sacramento, Calif. 95807 

Expected Completion Date: July 
1987 

Estimated Cost: $8,000 (HP&R) 


FCP Category 5— Structural 
Design and Hydraulics 


FCP Project 5H: Highway 
Drainage and Flood Protection 


Title: Development of a Pennsyl- 
vania Design Storm Atlas. (FCP 
No. 45H3782) 

Objective: Perform statistical 
frequency analyses based on a 
complete data set of hourly and daily 
rainfall records in Pennsylvania up to 
1984 and develop a series of design 
storm graphs. 

Performing Organization: Pennsyl- 
vania State University, University 
Park, Pa. 16802 

Funding Agency: Pennsylvania 
Department of Transportation 
Expected Completion Date: May 
1986 

Estimated Cost: $44,630 (HP&R) 


FCP Project 5K: Bridge Rehabilita- 
tion Technology 


Title: Restoration of Strength in 
Adjacent Prestressed Concrete 
Box Beams. (FCP No. 45K3242) 
Objective: Develop concepts for 
repairing and strengthening bridges 
constructed with adjacent prestressed 
concrete box girders that have 
corroded and fractured prestressing 
strands. Implement in the field the 
two most promising concepts and 
perform load tests on the bridges. 
Performing Organization: Wiss, 
Janney, Elstner Associates, Princeton 
Junction, N.J. 08550 

Funding Agency: New Jersey 
Department of Transportation 
Expected Completion Date: 
October 1986 

Estimated Cost: $21,130 (HP&R) 


FCP Category 9—R&D 
Management and Coordina- 
tion 


Title: Evaluation of the Utilization 
of Protocol Converters. (FCP No. 
4922628) 

Objective: Evaluate the use of 
protocol converters to enhance 
communications between remote 
microcomputers and host computers. 
Performing Organization: Arizona 
Department of Transportation, 
Phoenix, Ariz. 85007 

Expected Completion Date: 
November 1985 

Estimated Cost: $60,000 (HP&R) 
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RD&T Outstanding Paper Awards Presented 


Dr. Yash Paul Virmani, Mr. Thomas J. Pasko, Jr., and 
Dr. Stephen L. Cohen were the recipients of the 1984 
awards in the annual outstanding technical achievement 
competition held among the employees of the Federal 
Highway Administration (FHWA) Offices of Research, 
Development, and Technology (RD&T). This award 
covers the documentation of any technical accom- 
plishment, which may be a publication, technical paper, 
report, or package; an innovative engineering concept; an 
instrumentation system; test procedure; new specifi- 
cation; mathematical model; or unique computer 
program. Each eligible candidate is judged on excellence, 
creativity, and contribution to the highway community, 
general public, and FHWA. 


Dr. Virmani, a research chemist in the Materials Tech- 
nology and Chemistry Division, Office of Engineering and 
Highway Operations Research and Development, and Mr. 
Pasko, Chief of the Materials Technology and Chemistry 
Division, received awards for their research report ‘‘Time- 
to-Corrosion of Reinforcing Steel in Concrete Slabs, 
Volume 5.”’ This report, FHWA/RD-83/012, presents the 
findings of an outdoor exposure study of concrete slabs 


containing either epoxy-coated rebars or calcium nitrite as 
a corrosion-inhibiting protective system. The tests were 
performed under conditions that simulated those found in 
typical highway bridge decks, and the results are 
compared with those obtained on uncoated reinforcing 
Steel. 


Dr. Cohen, a mathematician in the Safety Research Divi- 
sion, Office of Safety and Traffic Operations Research 
and Development, received an award for his research 
paper ‘‘Concurrent Use of MAXBAND and TRANSYT 
Signal Timing Programs for Arterial Signal Optimization.”’ 
This paper, which was published by the Transportation 
Research Board in the Transportation Research Record 
906, pp. 81-84, 1983, discusses a feasible way to use the 
MAXBAND program to develop an initial timing plan for 
TRANSYT. This initial timing plan includes both cycle 
length and phase sequence optimization. The timing plans 
produced by the TRANSYT and MAXBAND programs 
separately were compared with the combined timing plans 
by using the NETSIM model. The results indicate that 
measures of effectiveness are substantially improved with 
the combined timing plans. 
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United States Road Symbol Signs 


The use of symbols rather than written messages on 
highway traffic signs in the United States provides instant 
communication with the driver and overcomes language 
barriers. The pictorial silhouettes are consistent with those 
used In many other countries, which is important in view 
of the growth of international travel. Familiarity with the 
symbol signs helps Americans traveling abroad as well as 


foreign visitors to the United States. 


The colors and shapes of road signs used in the United 
States are shown in this brochure, which may be 
purchased from the Superintendent of Documents, U.S. 
Government Printing Office, Washington, D.C. 20402 for 
$2.25 (100 copies available for $50). 


United States 


Road 


U.S, Department of Transportation 
Federal Highway Administration 
Washington, DC 20590 
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